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Reef response to Last Interglacial (LIG) sea level and palaeoenvironmental change has 
been well documented at a limited number of far-field sites remote from former ice 
sheets. However, the age and development of LIG reefs in the Great Barrier Reef 
(GBR) remain poorly understood due to their location beneath modern living reefs. Here 
we report thirty-nine new mass spectrometry U-Th ages from seven LIG platform reefs 
across the northern, central and southern GBR. Two distinct geochemical populations of 
corals were observed, displaying activity ratios consistent with either closed or open 
system evolution. Our closed-system ages (~129–126 ka) provide the first reliable LIG 
ages for the entire GBR. Combined with our open-system model ages, we are able to 
constrain the interval of significant LIG reef growth in the southern GBR to between 
~129–121 ka. Using age-elevation data in conjunction with newly defined coralgal 
assemblages and sedimentary facies analysis we have defined three distinct phases of 
LIG reef development in response to major sea level and oceanographic changes. 
These phases include: Phase 1 (>129 ka), a shallow-water coralgal colonisation phase 
following initial flooding of the older, likely Marine Isotope Stage 7 (MIS7) antecedent 
platform; Phase 2 (~129 ka), a near drowning event in response to rapid sea level rise 
and greater nutrient-rich upwelling and; Phase 3  (~128–121 ka), establishment of 
significant reef framework through catch-up reef growth, initially characterised by 
deeper, more turbid coralgal assemblages (Phase 3a) that transition to shallow-water 
assemblages following sea level stabilisation (Phase 3b). Coralgal assemblage analysis 
indicates that the palaeoenvironments during initial reef growth phases (1 and 2) of the 
LIG were significantly different than the initial reef growth phases in the Holocene. 
However, the similar composition of ultimate shallow-water coralgal assemblages and 
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slow reef accretion rates following stablisation of sea level (phase 3b) suggest that reefs 
of both ages developed in a similar way during the main phase of relatively stable sea 
level. 
 
Keywords 
Sea-level, Reef Growth, Last Interglacial, Great Barrier Reef, Palaeoenvironment  
 
 
 
 
 
 
 
 
 
 
1. Introduction 
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Numerous investigations on growth and development of fossil reefs have helped 
constrain sea level and palaeoclimate conditions during the peak Last Interglacial (LIG) 
highstand (~130–116 thousand years ago (ka)) (e.g. Crame, 1981, Pandolfi, 1996, 
Stirling et al., 1998, Lambeck and Chappell, 2001, Multer et al., 2002, Masson-Delmotte 
et al., 2013, Dutton et al., 2015b). Such studies are important as the LIG represents a 
future warm climate analogue, where sea level were thought to be 6–9 m above Present 
Mean Sea Level (PMSL) (Dutton et al., 2015a) and global mean temperatures were up 
to 1°C warmer than present (Otto-Bliesner et al., 2013). Many studied LIG reefs occur 
as tectonically uplifted reef terraces or outcrops, several meters above PMSL, enabling 
easy access. In contrast, the origin and history of LIG reefs in the Great Barrier Reef 
(GBR) remain poorly understood, as the majority of these deposits occur as much as 40 
m below the modern living reef surface. Rare exceptions include a few fringing reef 
outcrops located farther south of the GBR (Pickett et al., 1989, Kleypas, 1996) with 
poorly constrained open-system ages (119 to 155 ka). Additionally, few high quality 
cores of pre-Holocene substrate have been recovered in the GBR (Richards and Hill, 
1942, Davies and Hopley, 1983, Marshall and Davies, 1984, Davies, 1974). Of those 
cores, few observations of specific coralgal assemblages and facies composition were 
made (Marshall and Davies, 1984, Webster and Davies, 2003, Braga and Aguirre, 
2004, Braithwaite et al., 2004), resulting in limited interpretations of past sea level and 
palaeoclimate. Poor age control resulting from sparse open-system ages obtained using 
alpha-counting techniques produced ages ranging from 107 to 172 ka (Marshall and 
Davies, 1984, Pickett et al., 1989). Hence, while these studies broadly support LIG ages 
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for these reefs, the precise timing and dynamics of reef growth have yet to be 
confirmed.   
 
In the GBR, the most comprehensive coralgal assemblage information for the purported 
LIG reefs comes from the Ribbon Reef 5 core, in the northern GBR (Webster and 
Davies, 2003, Braga and Aguirre, 2004). There, coralline algae and sedimentary facies 
record a deepening upwards sequence with a transition from a shallow assemblage to a 
deep assemblages at ~21 m below PMSL, (Webster and Davies, 2003, Braga and 
Aguirre, 2004, Braithwaite et al., 2004). However, due to a lack of comparable detailed 
coralgal assemblage and facies composition data in other cores across the GBR 
(Marshall and Davies, 1984), a regional pattern was not able to be evaluated. A single 
U-series date form this core is consistent with an LIG age (125.7 ± 0.6 ka), but elevated 
initial 234U/238U ratios indicate that the sample was significantly diagenetically altered 
(Braithwaite et al., 2004). Regardless, abundant Halimeda-rich, non-framework facies 
were identified in Pleistocene cores by these and other studies from the GBR (Hopley, 
1982, Hopley et al., 2007). Tidal jetting (Wolanski et al., 1988) and shelf margin 
upwelling (Searle and Flood, 1988) were identified as possible nutrient sources for 
Halimeda on the continental shelf during the Holocene, supporting Halimeda bioherms 
behind many of the reef platforms. However, a plausible upwelling mechanism 
producing Halimeda-rich deposits on the elevated reef-bearing platforms themselves 
has yet to be suggested (Hopley et al., 2007). 
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A recent study documented a pulse of siliciclastic sediment to the upper slopes, 
adjacent to the northern and central GBR during the penultimate deglaciation (TII) 
(Harper et al., 2015), similar to one during the last termination (TI) (Dunbar and 
Dickens, 2003a, 2003b). Maximum neritic aragonite export (i.e, reef sediments) of 
between 20 and 80 g/cm-2 ky to the upper slope occurred not during the peak LIG 
highstand (MIS 5e), as might be expected, but rather during MIS-5d to 5a (Harper et al., 
2015). Those authors attributed the decline in neritic carbonate shedding during MIS-5e 
(i.e. from ~ 20 g/cm-2 ky to 0 g/cm-2 ky) to drowning on the GBR platform during the LIG 
highstand. This controversial hypothesis directly contradicts available age and facies 
information from the LIG platform reefs of the GBR, which suggests — albeit based on 
poor age control — significant reef growth during the LIG highstand (Marshall and 
Davies, 1984, Webster and Davies, 2003, Braithwaite and Montaggioni, 2009).  
 
Far-field sites indicate that the timing and duration of LIG sea level highstand was ~129-
116 ka (Masson-Delmotte et al., 2013), with global mean temperatures as much as 1°C 
warmer than present (Otto-Bliesner et al., 2013). Debate continues over whether SSTs 
were also significantly warmer during the LIG highstand (Lawrence and Herbert, 2005, 
Turney and Jones, 2010, McKay et al., 2011), but latitudinal range extensions of reefs 
from equatorial regions towards the poles support warmer SST’s during at least part of 
this interval (Kiessling et al., 2012, Pandolfi and Kiessling, 2014). Fringing reef outcrops, 
thought to be LIG in age occur in eastern Australia occur as far south as Newcastle 
(32°55’42 S) and Grahamstown (32°46´27 S) in New South Wales (Pickett, 1981, 
Pickett et al., 1989). Those authors postulated that the East Australian Current (EAC) 
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extended much farther south during this period. This interpretation is consistent with a 
more recent study by Cortese et al. (2013) who suggested that a stronger and more 
intense EAC, from ~132 to 120 ka resulted in SST’s as much as 2°C warmer along the 
east coast of Australia. Hence, the implications of reef drowning and potentially 
increased SST for LIG reefs have direct bearing on forecasting reef behavior over the 
next centuries, as current climate is projected to warm to a level associated with 
palaeoclimate conditions in the peak LIG (Dutton et al., 2015a).  
 
Detailed information about  long term abundance and diversity of reef-builder species is 
also important, as changes in reef composition could represent a distinct change in 
palaeoenvironmental conditions (Woodroffe and Webster, 2014). Specifically, studies 
from Pleistocene reefs in Kenya (Crame, 1981), Belize (Gischler, 2007), Barbados 
(Mesolella, 1967, Mesolella et al., 1970) and New Guinea (Pandolfi, 1996) revealed 
striking similarities between Holocene and Pleistocene reef faunas. However, other 
studies (Greenstein et al., 1998) show distinct dissimilarities in specific coralgal 
assemblages, implying significant differences between Holocene and Pleistocene 
environmental conditions. Such studies highlight the need to better characterise pre-
Holocene coralgal reef assemblages in the GBR, as they not only provide important 
information about past reef response to palaeoenvironmental change, but also provide a 
base line for identifying levels of natural or anthropogenically induced disturbance. With 
the exception of the Ribbon Reef 5 core, no other studies in the GBR have investigated 
specific coralgal reef genera over longer geological timescales, i.e. greater than 10 ka. 
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To address these problems directly, we first investigated the depth distribution of 
modern reef biota at a representative site in southern GBR. We then used these data to 
calibrate our reconstructions of palaeoenvironment (e.g.  palaeowater depth, energy) 
using fossil assemblages from cores in the GBR. We then investigated spatial and 
temporal variations in LIG reef growth across seven reefs, representing the northern, 
central and southern GBR. Our specific objectives were to: 1) test the hypothesis that 
LIG-age reefs directly underlie the Holocene reef deposits, and determine the timing 
and duration of significant reef growth during that interval, 2) define new fossil coralgal 
assemblages based on comparisons with modern reef biota surveyed for this study and 
in the wider Indo-Pacific, and discuss the implications of these assemblages for 
constraining ambient palaeoenvironmental conditions, 3) use the chronologic and 
stratigraphic data to develop a new conceptual model, constraining the developmental 
history of the GBR during the LIG, and 4) identify any coralgal community change 
between Holocene and LIG reefs, to determine to what extent reef communities were 
able to re-establish themselves over glacial-interglacial periods (i.e., ~100 ka).  
 
2. Location and methods   
2.1 Study sites, climate and oceanography  
Ten previously collected cores across seven reefs were chosen for analysis, including 
Ribbon Reef 5 (RBR_5) from the northern GBR; Myrmidon (MYR_3) and Stanley 
(STN_1) reefs from the central GBR; and One Tree (OTI_1, OTI_5, OTI_6), Fitzroy 
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(FIT_2, FIT_3), Fairfax (FFX_3) and Heron (HRN) reefs from the southern GBR (Figure 
1). These cores were chosen as they represent the best preserved Pleistocene reef 
sections available (Hopley et al., 2007). 
 
Ribbon Reef 5 is located on the shelf edge adjacent to the Queensland trough in the 
northern GBR, 49 km east of Cooktown, forming part of the outer barrier reef. The width 
of the continental shelf is narrowest in this northern region of the GBR, measuring just 
50 km across (Hopley, 1977). Stanley Reef is located on the mid-shelf of the central 
GBR, whilst Myrmidon is located on the central outer shelf, within the bounds of the 
Halifax Basin, approximately 123 km east of Townsville, near the Townsville trough 
(Feary et al., 1991). The shelf dramatically widens in this region to 90–125 km. The 
highest rainfall and number of cyclones (Puotinen et al., 1997) occur in the central GBR 
between 16°S and 22°S. One Tree, Fitzroy, Fairfax and Heron reefs make up four of the 
22 reefs of the Capricorn-Bunker groups in the southern GBR, located 70 km east of 
Gladstone (Feary et al., 1991). These reefs occur on the mid- to outer shelf and are 
structurally delineated along the Bunker high, on a narrow shelf margin approximately 
55 km across (Davies and Hopley, 1983). The EAC diverges from the South Equatorial 
Current (SEC) at approximately 15° S (northern GBR), but maximum velocity is not 
reached until 30° S, close to the Capricorn-Bunker groups, where it then detaches from 
the coast at approximately 31° to 32° S (Cortese et al., 2013). A distinct cold core eddy 
(the Capricorn eddy) occurs north of this latitude, adjacent to the Capricorn Channel 
(Weeks et al., 2010).  
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>>Figure 1<< 
 
2.2 Modern zonation of coralgal assemblages 
To better reconstruct the palaeoenvironmental setting of the GBR LIG reef deposits, we 
conducted quantitative surveys of key coral reef biota (coral, coralline algae and 
vermetid gastropods) inhabiting both windward and leeward modern reef slopes (0-30 
m) at One Tree Reef (see supplementary data for detailed methodology). We utilized 
three multivariate analytical approaches in PRIMER-6 to investigate depth-species 
relationships in the coralgal composition assemblages across varying environmental 
gradients (i.e. windward and leeward slopes), including: non-metric multidimensional 
(MDS) and cluster analysis Kulczynshi (Presence/Absence), followed by a similarity 
profile (Simprof) and analysis of similarities (ANOSIM). For the coral assemblages each 
analytical approach was performed on a log transformed (xi = (relative abundance + 1)) 
species x sample matrix using a Bray-Curtis similarity Index, details of which can be 
found in Supplementary Tables 1–4 and Supplementary Figures 1–3.  
 
2.3 Core collection and logging 
The Heron reef core was collected by the GBR committee in 1937 (Richards and Hill, 
1942), whilst the Ribbon Reef 5 core was recovered in 1995 by the International 
Consortium for GBR drilling (Alexander et al., 2001). The other eight cores were 
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collected by Geoscience Australia (formerly the Bureau of Mineral Resources) in the 
late 1970’s (Davies and Hopley, 1983). Core recovery ranged from 53.5–98% (Table 1).  
>>Table 1<< 
Cores were re-logged using a combination of core samples, petrographic thin sections 
and digital images. However, due to the previous extensive sub-sampling of the Heron 
reef core, interpretations and re-analysis of coralgal assemblages and facies were 
based on previously published descriptions (Richards and Hill, 1942, Davies, 1974). 
Taxonomic identification of coral species is based on taxonomic guides (Veron, 1986, 
2000, Wallace et al., 2007, Humblet et al., 2015), Integrated Ocean Drilling Program 
(IODP) proceedings (Volume 325) and comparison with modern species. Coral 
assemblages were defined on the basis of dominant coral type and comparisons with 
modern depositional environments from OTR and fossil depositional environments from 
the GBR (Webster and Davies, 2003, Dechnik et al., 2015), as well as the wider Indo-
Pacific (Cabioch et al., 1999b, Montaggioni, 2005, Humblet et al., 2009, Abbey et al., 
2011). Corals were considered to be in growth position if they satisfied one or more of 
the following criteria; 1) colonies were recovered in the correct orientation (i.e. not up-
side down); 2) geopetal surfaces were present showing orientation direction; 3) thick 
(few cm) crusts of coralline algae encrusted the upper surface of the coral (Camoin et 
al., 1997, Cabioch et al., 1999b, Webster and Davies, 2003, Camoin et al., 2007) and 4) 
they preserved a basal encrustation contact with underlying substrate (Webb et al., 
2016).  Sedimentary facies were defined and adapted using both the coral assemblages 
established in this study and in the Integrated Ocean Drilling Program (IODP) Volume 
310 (Tahiti Sea level) proceedings (Camoin et al., 2007). Fifty petrographic thin sections 
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were used for taxonomic identification of coralline algae and for microfacies 
examination. Point count analysis using two-hundred points per thin section was used to 
quantify skeletal and non-skeletal microfacies components (Gischler et al., 2013). 
Microfacies samples were preferentially selected from the upper surface of coral 
colonies, as this is where the thickest algal crusts tend to dominate and finer sediments 
are more easily able to accumulate. Statistical software package PRIMER was used to 
test for significant sample groupings within the microfacies data set, using correlation 
and cluster analysis on a log transformed (xi = (relative abundance + 1)) components x 
sample matrix, using a Bray-Curtis similarity Index (Faith et al., 1987). The percentages 
of dominant coral and algal genera were calculated for Holocene and Pleistocene reefs 
by dividing the total amount of in-situ reef framework occupied by each genus within 
each core by the combined stratigraphic length of recovered Holocene or Pleistocene 
material. However, branching Acropora may be under-represented in the fossil record 
as its morphology is not as robust as other corals in core (i.e massive species), 
potentially resulting in branching framework being broken and compressed.   
 
2.4 Core Chronology 
Eight previously published U-Th ages (Marshall and Davies, 1984, Braithwaite et al., 
2004) are included in the chronological data base (Table 2) along with thirty-nine new 
mass spectrometry U-Th ages. The previously published ages were calculated using 
alpha counting techniques and thermal ionization mass spectrometry (TIMS) and were 
not corrected for open-system behavior. Furthermore, using scanning electron 
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microscopy (SEM), we observed significant amounts of low-Mg calcite within the 
skeletons of samples corresponding to the previously published ages. Therefore, little 
confidence is placed on the ages from those previously analysed samples. New coral 
samples in growth position and free of obvious cements and detrital contamination were 
selected for analysis in this study. They were cleaned in de-ionized water and vetted for 
diagenetic alteration prior to dating using thin section petrography, polished and etched 
SEM analysis and X-Ray Diffraction (XRD).  For XRD samples between 2 and 3 grams 
were hand ground to a powder in an agate mortar and pestle under ethanol. An internal 
standard (corundum at 10 wt%) was added to the samples prior to micronizing in a 
McCrone mill using ethanol as a grinding fluid. The internal standard was used to 
determine if there was a significant non-diffracting content in the prepared samples and 
as an aid to calibration of the XRD patterns for accurate cell parameters. The XRD 
spectra were collected on a Panalytical MPD X-Pert Pro in Bragg-Brentano 
configuration using Ni beta filtered Cu K  radiation (1.541874 A) at 40keV, 40mA. 
Corals with less than 5% calcite, no microbial micrite and minimal syntaxial aragonite 
cement, microborings and dissolution (Nothdurft and Webb, 2009, Webb et al., 2009) 
(Figure 2) were selected for U-Th dating on a Nu Plasma multi-collector-inductively 
coupled plasma-mass spectrometer (MC-ICP-MS) in the Radiogenic Isotope Facility at 
the University of Queensland. Each sample was dated in triplicate to assess any within-
sample heterogeneity caused by subtle diagenetic alteration.  
>>Table 2<< 
>>Figure 2<< 
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Subsamples of vetted corals were crushed into 1–2 mm chips and cleaned in 10% H2O2 
for 24 hours followed by rinsing in milliQ water with sonication for 15 minutes before 
three additional rinses in milliQ water. Individual chips that showed no signs of micritic 
crusts or calcite cleavages were selected for dating. Samples (0.15 g) were spiked with 
a 229Th-233U mixed tracer that was calibrated against the HU-1 standard by assuming it 
is in secular equilibrium and dated following a modified and simplified column 
separation procedure and a fully-automatic MC-ICP-MS measurement protocol 
described in detail in Zhou et al. (2011) and Clark et al. (2014a, 2014b). Ages were 
calculated using Isoplot Program EX/3.0 of Ludwig (2003) using decay constants of 
Cheng et al., (2013).  
 
3. Results 
3.1. U-Th dating results 
New U-Th ages are presented in Tables 2 and 3 and Figure 3. Coral subsamples were 
evaluated for 232Th and initial 234U/238U activity ratios (reported as 234Ui in permil) and 
also for anomalous 238U concentrations, which are signs of detrital Th contamination or 
open-system diagenesis. One sample (STN1_10D) displayed consistently elevated 
232Th consistent with detrital Th contamination (7.38 – 12.10), which is also reflected in 
low 230Th/232Th activity ratios (734.5 – 1202.3). This sample was rejected and is not 
discussed further. All other measurements display 232Th concentrations below 2 ppb 
(with one exception STN1_11G_2, at 2.8 ppb) and are not considered to bias the age 
interpretation within reported uncertainty.  
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Modern seawater in the open ocean has a 234U value of ~147 ‰ (Andersen et al., 
2010) and corals should have the same 234Ui value as the seawater in which they 
grew. Elevated 234Ui values (i.e., >5 ‰ above modern seawater), which are indicative 
of alteration, are observed for all samples from Fitzroy and One Tree reefs whereas 
samples from Fairfax and Stanley reefs appear to have the best preservation, including 
234Ui values for more than one-half of those samples falling within 5 ‰ of modern 
seawater. We note that even the best-preserved samples display some heterogeneity in 
U-Th geochemistry between the three subsamples for each coral specimen.  This 
indicates that the reported uncertainties on the ages may be unrealistic and that the 
uncertainties are somewhat larger due to subtle variability in preservation. Only two 
corals at the top of the reef sequence in the Fairfax core (FFX3_7C and _7D) display 
elevated 234Ui values, but the array of data within and between these samples are 
roughly parallel to closed-system isochrons and not consistent with the alteration 
pathway of the Thompson et al. (2003) open-system model (Figure 3). 238U 
concentrations can vary naturally within a coral, but we note that two sub-samples of 
FFX3_7D (1 and 2) display two of the lowest 238U concentrations in the entire dataset 
and are associated with elevated 234U values, indicating a potential age bias for those 
two subsamples. In contrast, all of the samples from Fitzroy and One Tree reefs have 
elevated 234Ui values, falling between 160 and 242 ‰. Samples from these last two 
reefs display U-Th compositions within and between coral heads that are more 
consistent with the geochemical array predicted by alpha-recoil mechanisms of open-
system diagenesis (Thompson et al. 2003) (Figure 3). Two corals from this population of 
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open-system samples (FIT-2-10F and FIT-2-12G) display the most extreme 234Ui 
values (195–240 ‰) in the entire dataset and plot off the scale of Figure 3. These 
samples are discarded as outliers that have undergone extreme alteration. 
 
An inverse variance-weighted mean was used to calculate an interpreted age for each 
coral based on individual sub-samples (3 per coral) (Table 3). Four of the dated corals 
from Fairfax and Stanley reefs (FFX3_10D, FFX3_9E, FFX3_7D and STN1_11G) 
returned closed-system ages of 128.7 ± 0.7, 127.6 ± 0.5, 126.1 ± 0.8 and 128.2 ± 0.6 ka 
respectively. However, available stratigraphic information is inadequate to confidently 
interpret STN1_11G as being in-situ; therefore, it is not considered part of a reliable 
age/depth pair. FFX3_9E displays a slightly higher percentage of calcite (6.4 %) (Table 
3). However, given the near-pristine aragonite composition observed in SEM analysis 
and high level preservation of 234Ui values of all individual sub-samples, we expect that 
the dated sub-sample avoided major calcite alteration and still consider this to be a 
relatively robust closed-system age. The two highest corals dated in the core from 
Fairfax Reef (FFX3_7C and FFX3_7D) are partially altered and do not follow the 
diagenetic pattern of the Thompson open-system model (Thompson et al., 2003). A 
single subsample of FFX3_7D has no evidence of alteration and yields an age of 126.1 
± 0.6 ka, which we tentatively assign as the interpreted age of the coral. FFX3_7C is 
listed with open-system age interpretation in Table 3, but the U-Th geochemistry of the 
subsamples display an array that falls upon a closed system isochron, so the open-
system model age is probably not accurate.  Another means of modeling the age of this 
sample is with a linear regression through the three subsamples of FFX3_7C, which 
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intersects the seawater evolution curves at 128.8 ka (Fig. 3). This age is 
indistinguishable from the closed-system age of 128.7 ± 0.7 ka derived from the inverse 
variance-weighted mean of the three subsamples. However, this age must be too old 
given the closed-system ages of the in-situ corals that are stratigraphically lower.  
Hence, we cannot effectively model the age of this sample, but its age probably lies 
somewhere between the closed-system and open-system model age of the sample 
(~129 and 121 ka).  
 
All samples from Fitzroy and One Tree reefs display elevated 234Ui values and were 
corrected for open-system diagenesis using the Thompson open-system model 
(Thompson et al., 2003). To avoid artificial age offsets between open- and closed-
system ages that result from assumptions regarding the composition of seawater 
(Thompson et al., 2011; Dutton, 2015), the open-system model was run using an 
assumed LIG seawater composition of 150 ‰, identical to the mean composition of the 
closed-system corals from Fairfax and Stanley. These open-system corals yielded 
interpreted ages ranging from 126.3 ± 0.7 to 120.9 ± 0.6 ka.  
>>Table 3<< 
>>Figure 3<< 
 
3.2. Fossil coralline algal assemblages and palaeoenvironmental interpretation 
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Two distinct fossil algal assemblages (Table 4, Figure 4) were established based on 
dominant algal taxonomy and their palaeoenvironments, determined by comparisons 
with their modern counterparts from OTR (Figure 5, see Supplemental data for details) 
and the wider GBR and Indo-Pacific (Adey et al., 1982, Adey, 1986, Litter and Litter, 
2003).  
>>Table 4<< 
>>Figure 4<< 
>>Figure 5<< 
Algal Assemblage 1 (aA1) (Porolithon assemblage) is dominated by thick crusts (2–4 
cm) of P. onkodes with secondary thinner crusts of Porolithon gardineri, and 
Harveylithon gr. munitum, and minor Lithophyllum, Neogoniolothon and “Pneophyllum” 
species. The modern alga distribution obtained at OTR showed P. onkodes to occur in 
water depths of 0–9 m and in 0–6 m as thick crusts (5-35 mm) associated with 
abundant vermetid gastropods (Figure 5 and Supplementary Tables 4 and 5). In the 
modern Pacific, P. onkodes is characteristic of tropical, shallow water environments less 
than 10 m deep, such as upper reef slopes and outer reef flats (Adey et al., 1982, Adey, 
1986, Braga and Davies, 1993, Cabioch et al., 1999b, Litter and Litter, 2003, Cabioch, 
2003). In the southern GBR, Holocene assemblages dominated by Porolithon 
characterise very shallow reef settings in palaeowater depths of less than 10 m 
(Dechnik et al., 2015). Thus this assemblage likely formed in a high energy, shallow-
water environment, in less than 10 m palaeowater depth.  
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Algal Assemblage 2 (aA2) (Lithophyllum assemblage) is dominated by Lithophyllum 
species (e.g., L. gr. pustulatum L. gr. prototypum, L. gr. acrocamptum, L. gr. 
kotschyanum) with associated Peyssonnelia sp., Mesophyllum sp. and minor Porolithon 
sp. Assemblages dominated by Lithophyllum with other minor associated corallinaceans 
are typical of shallow-water temperate environments and have been associated with 
cooler or relatively deeper water in the GBR (Webster and Davies, 2003, Braga and 
Aguirre, 2004) and Tahiti (Cabioch et al., 1999b, Abbey et al., 2011). Species of L. gr. 
kotschyanum and L. gr. prototypum are common to depths of 30 m (Cabioch et al., 
1999, Litter and Litter, 2003), whereas other species in the assemblage have wider 
depth ranges. Specifically at OTR, the modern species L. gr. kotschyanum has a wide 
depth distribution (0-21 m). L. gr. pustulatum and L. gr. prototypum are most common at 
depths greater than 6 m and greater than 18 m, respectively, whilst Mesophyllum 
species occur at depths greater than 15 m (Figure 5). Thus the dominance of 
Lithophyllum species in conjunction with other minor associated corallinaceans and 
Mesophyllum suggests that this assemblage developed in cooler or deeper waters, 
greater than 6 m and up to at least 30 m.  
 
3.3. Fossil coral assemblages and palaeoenvironmental interpretation 
Twenty-five coral species were identified from twenty-one genera in cores across the 
seven reefs (Table 5). Six coral assemblages (Table 4, Figure 6) were defined based on 
dominant coral types, taxonomy and morphology. Palaeoenvironmental interpretations 
of each coral assemblage were determined based on comparison with their modern 
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counterparts from this study (Figure 5, see Supplemental data for detail) and 
associations with specific coralline algae assemblages and similar coral assemblages 
from the wider GBR (Done, 1982, Veron, 1986) and Indo-Pacific (Montaggioni and 
Faure, 1997, Cabioch et al., 1999b, Hongo and Kayanne, 2010b, Abbey et al., 2011). 
>>Table 5<< 
>>Figure 6<< 
Coral Assemblage A (cAA) is characterised by corymbose to robust branching Acropora 
spp. and encrusting Isopora sp. (e.g., I. palifera; Acropora gr. 7; A gr. 21, A gr. 25 , A gr. 
26) with associated branching Pocillopora spp, Stylophora spp. and scarce massive 
Porites sp and Cyphastrea sp. Throughout the modern GBR similar Acropora/Isopora 
assemblages dominate the upper reef slopes and outer reef flats where exposed to 
strong wave action, in water depths of less than 10 m (Done, 1983, Veron, 1986). 
Specifically in this study, modern species of corymbose to robust branching Acropora 
spp. and encrusting Isopora spp. dominated the OTR windward reef slope from 0–6 m 
(Figure 5). Analogous assemblages of acroporids and pocilloporids occur in deglacial 
communities from Tahiti, occupying the reef crest and upper fore-reef zone in water 
depths of 0–6 m (Montaggioni and Faure, 1997, Cabioch et al., 1999a) and less than 10 
m (Abbey et al., 2011). In the north-west Pacific corymbose Acropora sp. were identified 
on reef crests in water depths of 0–5 m (Sagawa et al., 2001) and 0–7 m (Hongo and 
Kayanne, 2010b, Hongo, 2012). In the Indo-Pacific, thick algal crusts of P. onkodes 
covering robust branching Acropora/Isopora sp. were reported as having formed in very 
shallow depths of less than 6 m (Adey, 1986, Montaggioni and Camoin, 1993, 
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Montaggioni et al., 1997, Cabioch et al., 1999a) particularly when associated with 
vermetid gastropods (Laborel, 1986, Cabioch et al., 1999b). Thus the 
palaeoenvironment of cAA is characteristic of outer reef flats and upper reef slopes in 
high energy, shallow water, typically between 0–10 m and less than 6 m when 
associated with thick crusts of aA1 and abundant vermetid gastropods. 
 
Coral Assemblage B (cAB) is dominated by columnar Isopora sp., Stylophora sp. and 
corymbose branching Acropora gr. 21, with associated robust branching Acropora gr. 7 
and Pocillopora sp. This assemblage is associated with a similar palaeoenvironmental 
setting as cAA. However, the dominance of branching Isopora and Stylophora, 
particularly when identified in cores from leeward margins, suggests growth in < 3 m, 
consistent with the modern corals identified in the 0–3 m depth interval from the OTR 
leeward margin (Figure 5 and Supplemental Table 2). 
 
Coral Assemblage C (cAC) is dominated by sub-massive Montipora sp. and massive 
faviids (e.g. Favites sp., Platygyra sp.) with associated branching Porites sp. Crame 
(1981) identified similar coral assemblages in back-reef and lagoonal patch 
environments in Late Pleistocene reefs off the Kenya coast. In the modern GBR, 
encrusting and massive Montipora dominate the mid-slope, in sheltered habitats 
typically in water depths of 8–25 m or on the reef flats of back reef margins in relatively 
shallow water (less than 10 m) (Done, 1982, Done, 1983). Results from modern OTR 
show encrusting Montipora sp. dominating on the windward margin in 9–12 m water 
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depth (Figure 5). In Polynesian reefs assemblages of Montipora and branching Porites  
were identified in fossil cores from Mururoa atoll and assigned palaeowater depths  of 
15–30 m based on their modern distribution on mid- to upper reef slopes in the same 
region (Camoin et al., 2001) and less than 10 m on modern Tahitian reefs (Bouchon, 
1985). Modern faviids generally do not conform to a single bathymetric zone but occur 
in a broad environmental zone of moderate wave energy, such as the fore-reef or 
shallow leeward back reef (Done, 1983). This is consistent with the modern-day 
occurrence of Platygyra and sub-massive Favites from 0–15 m on the OTR leeward 
margin (Figure 5). Therefore, assemblage cAC represents a semi-exposed 
environment, in 0–30 m water depth, characteristic of mid-upper reef slopes or shallow 
back reef margins. However, if associated with algal assemblage aA1, it most likely 
occurred at the shallower (0–10 m) end of it range.  
 
Coral Assemblage D (cAD) is characterised by branching Millepora sp. and massive 
Goniopora sp. with associated Caulastrea sp. and Galaxea sp. This assemblage is 
associated with a similar palaeoenvironmental setting as assemblage cAC. However, 
the presence of Goniopora and Caulastrea suggests a more turbid setting protected 
from strong wave action, common in lagoonal environments and inner reef flats (Done, 
1982, 1983, Veron, 1986, Veron, 2000).  
 
Coral Assemblage E (cAE) is characterised by massive Symphyllia sp, Lobophyllia sp. 
and massive Favia sp. with associated branching Alveopora sp. and Turbinaria sp. 
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Modern species of Symphyllia and Lobophyllia are common in lagoon environments and 
upper reef slopes of protected leeward reef margins (Veron, 2000). Our modern OTR 
results show Lobophyllia dominates the modern upper-mid slope (3–15 m) of the 
leeward margin (Figure 5). In the Ryukyu Islands fossil assemblages dominated by 
Symphyllia are common on low energy reefs in water depth of 7–20 m (Hongo and 
Kayanne, 2010b, 2010a), whereas assemblages dominated by Turbinaria were 
common on protected middle to lower reef slopes (Humblet et al., 2009). Modern 
Alveopora typically occurs in deep water or shallow turbid water protected from strong 
wave action (Veron, 2000). Therefore, cAE represents a protected turbid environment, 
characteristic of a mid-lower reef slope (3–30 m) or shallow back-reef lagoon (3–10 m) if 
associated with aA1.  
 
Coral Assemblage F (cAF) is characterised by branching corymbose Acropora spp. and 
massive Platygyra sp. with associated massive Porites spp. This assemblage occurs in 
a similar palaeoenvironmental setting as cAA (0–10 m or < 6 m when associated with 
aA1 and abundant vermetid gastropods). However, the presence of massive Platygyra 
and Porites suggest a more protected back reef environment (Veron, 2000).  
 
3.4. Microfacies analysis 
Seven microfacies (Supplementary Figure 4) (caliche, algal bindstone, coralgal 
framestone, packstone/grainstone, wackstone/packstone, Halimeda 
packstone/grainstone) were defined using cluster analysis of the point count data 
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(Supplementary Table 6), but qualitative descriptions of the different cements were 
excluded from statistical analysis (Supplementary Figure 5). Cluster analysis 
differentiates two algal bindstone microfacies, on the basis of slightly different skeletal 
and matrix abundance, but they are included together under the algal bindstone 
microfacies.  
 
3.5. Stratigraphy, lithology and palaeoenvironmental interpretation  
Spatial and temporal variations of the coralgal assemblages, lithology, microfacies and 
associated biota were determined for each core, from which a palaeoenvironmental 
interpretation was made. The coral morphology, composition and where available, U-Th 
dates reveal a complex evolutionary history, the details of which are summarised in 
Figures 7 and 8.   
>>Figure 7<< 
>>Figure 8<< 
 
3.5.1. Northern GBR 
3.5.1.1 Ribbon Reef Five: RBR_5 (24.9 – 15.9 m) 
A distinct unit boundary identified in RBR_5 at 24.9 m, below PMSL, represents the 
antecedent surface of the pre-LIG reef, presumed to be MIS-7 in age (Webster and 
Davies, 2003, Braithwaite and Montaggioni, 2009). Immediately above this boundary 
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from 24.8 m to 24.1 m, shallow-water coralgal assemblages (cAA and aA1) dominate 
the base of the core, suggesting deposition in a shallow (0–6 m), high energy 
environment. Coralline algae suggest a clear change at 24.1 m from aA1 to aA2, with 
deep, turbid water associated coral cAC and cAD found between 21.2 m and 20.2 m. 
This transition from shallow to deep coralgal assemblages coincides with an increase in 
Halimeda-rich grainstone, similar in character to Holocene deposits found behind the 
northern Ribbon reefs of the modern GBR below 20 m depth (Orme et al., 1978, 
Marshall and Davies, 1988, McNeil et al., 2016). These results are in good agreement 
with Braga and Aguirre (2004) and Webster and Davies (2003) who identified a 
deepening sequence in this core between 21–24 m, suggesting that deposition occurred 
in a deeper (0–30 m) or more turbid back reef environment. At 20.2 m the reef 
transitions back to shallow-water cAA and aA1, with abundant vermetid gastropods, 
suggesting deposition in <6 m palaeowater depth. At approximately 18 m the 
dominance of cAB indicates growth in even shallower water (< 3 m palaeowater depth), 
suggesting the reef was at or close to sea level. Soil horizons previously identified by 
Webster and Davies, (2003) and Braithwaite et al., (2004, 2009) occur in the upper 1.5 
m of the Pleistocene section, directly underlying the Holocene reef, at 15.9 m. One age 
(125.7 ka ± 0.6) was measured at 16.1 m by Braithwaite et al., (2004), but initial 
234U/238U ratios higher than that of sea-water were reported, suggesting addition of 243U. 
Regardless, the age is consistent with the interpretation that this reef growth occurred 
during the LIG. 
 
3.5.2. Central GBR 
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3.5.2.1 Myrmidon Reef: MYR_3 (28.2 – 24.1 m) 
The entire reef section from the base of the core (28.3 m) to the Holocene/Pleistocene 
boundary, previously identified by Marshall (1985) at 24.1 m is composed primarily of 
coral rudstone. Although the core is primarily detrital in composition and lacks 
chronology, the dominance of shallow water cAA and aA1 suggests growth in shallow 
water, less than 6 m. A distinct soil horizon occurs at 25.3–25.5 m, where terrestrial 
soils may have penetrated deeper into the porous Pleistocene reef framework, which 
includes marine microbialite in the upper 1.5 m of this sequence.    
 
3.5.2.2. Stanley Reef: STN_1 (23.2 – 15 m) 
The dominance of grainstone facies, lack of any coral growth and presence of deeper 
water coralline algae aA2 at 23.2–21.2 m, suggests the material recovered at the base 
of the core reflects deposition in a deep (10–30 m) and/or turbid environment. A distinct 
change in facies occurs at 21.2 m, where a packstone/wackstone lithology dominates 
up to the Holocene/Pleistocene boundary at 15 m. The few corals present do not 
represent in-situ growth, but their composition (cAA) suggests that they were derived 
from shallow-water environments (0–10 m). One closed system age (128.2 ± 0.6 ka) 
occurs at 15.1 m. However, the sample may not be in-situ. Thus, while it is consistent 
with a LIG age, the depth context of these ages remains unclear. 
 
3.5.3. Southern GBR 
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3.5.3.1 One Tree Reef: OTI_1 (18.2 - 13.2 m) 
Palaeoenvironmental interpretation of this core is limited owing to poor recovery and 
lack of in-situ reef framework. Nevertheless, the dominance of both shallow water coral 
and algal assemblages (cAA and aA1) suggests deposition in 0-6 m palaeowater depth, 
most likely in a high-energy setting.  
 
3.5.3.2. OTI_6 (21.9 – 13.6 m) 
The presence of deeper water, detrital coralgal assemblages (cAD and aA2) and 
abundant Halimeda throughout the base of this core (19–21.9 m), suggests growth in a 
deeper and/or more turbid environment (0–30 m). However, the transition to true reef 
framework at 21.9 m suggests deposition in shallower water (0–20 m). Whilst core 
recovery is limited between 18.5 and 14.7 m, shallow-water coralgal assemblages (cAA 
and aA1) with associated vermetid gastropods, occur from 14.7 m to the 
Holocene/Pleistocene boundary, identified by Dechnik et al. (2015) at 13.6 m, 
suggesting deposition in a shallow (0–6 m), high energy environment. A new open-
system model age of 126.3 ka ± 0.7 is interpreted at 18.8 m. 
 
3.5.3.3. OTI_5 (20 – 13.5 m) 
The presence of shallow water associated algae (aA1) throughout the core suggests 
deposition in 0–10 m. However, the upward transition from deeper (cAC) to shallower 
water coral assemblages (cAA) with associated vermetid gastropods, suggests a 
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shallowing upwards sequence where palaeowater depths were reduced from 0–10 m to 
0–6 m at 18.0 m. A new open-system model age of 120.9 ± 0.6 ka was interpreted from 
a coral sample at 13.8–13.9 m. 
 
3.5.3.4 Heron Reef: HRN (36.6 – 18. 3 m)  
The base of the presumed LIG reef was identified by Davies (1974) at 36.6 m. The 
shallow, turbid water associated corals (cAF) dominate the base of the LIG core, from 
36.6 m to 24.4 m suggesting deposition in a shallow-water (0–10 m), lagoonal 
environment, consistent with its location on the inner, leeward reef margin. Coral 
assemblage data suggest a clear change at 24.4 m from cAF to cAE (i.e. from 
Acropora/Platygyra to Symphyllia/Lobophyllia), with less abundant coral framework and 
increased coralline algae. This transition in coral assemblage coincides with the 
appearance of Halimeda, which together suggests that deposition occurred in a deeper 
(3–30 m), more turbid back reef environment. At 21.4 m cAE corals become 
increasingly abundant, consistent with a slightly shallower environment (0–20 m).  
 
3.5.3.5. Fitzroy Reef: FIT_2 (14.7 – 7.4 m) 
A distinct solution unconformity marks the Holocene - Pleistocene boundary at 7.4 m, 
indicating sub-aerial exposure (Dechnik et al., 2015). Shallow water corals (cAA and 
cAB), thick shallow water coralline algal crusts (aA1) and vermetid gastropods are 
common throughout the core. The interval from 14.7 to 10.4 m was deposited in a well 
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developed, shallow (0–6 m) reef environment, with the transition from cAA to cAB at 
10.4 m suggesting even shallower deposition (< 3 m), at or near sea level. A new open-
system model age was obtained from this shallow unit (123.6 ± 0.8 at 8.3 m). 
 
3.5.3.6. FIT_3 (13.4 – 10.2 m) 
Coral (cAA) and algal assemblages (aA1) dominate at both the base of the core (13.4–
11.2 m) and immediately below the solution unconformity (10.2–10.6 m), indicating 
deposition in shallow (0–6 m), high energy conditions. Coral Assemblage cAC occurs 
from 10.6 to 11.2 m, indicating deposition in 0–30 m depth, but no other palaeowater 
depth indicators suggest growth in a deeper environment. Hence, being bounded above 
and below by shallow water (0–6 m), high energy assemblages (cAA and aA1) with 
almost 100% recovery (Figure 7), it more likely formed in the same shallow water 
setting as cAA, but possibly in a more protected setting.  Extensive caliche, with 
evidence of rhyzocretions and septal alveolar structure, dominate in the top 1 m  (10.2–
11.2 m) below the Holocene boundary, suggesting prolonged sub-aerial exposure and 
colonisation by terrestrial flora in an arid to semi-arid/seasonal setting (Supplementary 
Figure 4a). Two new coral dates from this core returned open-system model ages of 
123.0 ± 0.7 and 124.6 ± 0.6 ka at 11 m and 13.1 m, respectively. 
 
3.5.3.7. FFX_3 (12.8 - 7.6 m) 
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On the basis of previously published U-Th and seismic data (Marshall and Davies, 
1984) and a major lithologic change (Dechnik et al., 2015) the Holocene/Pleistocene 
boundary is defined at 7.6 m. We identified a second thin soil horizon at 8.7–8.8 m, 
which is interpreted as part of the same Holocene/Pleistocene unconformity, where 
terrestrial soils and caliche may have penetrated the porous reef framework. 
Alternatively, it could represent a small scale (<2–3 m) sea level oscillation, producing a 
second unconformity. However, evidence for a similar oscillation was not observed in 
other cores at similar depths (i.e FIT_2) to support this interpretation. Shallow-water 
cAA and aA1 dominate the entire LIG interval, with abundant vermetid gastropods 
present throughout. Halimeda fragments are present between 8.7–10.7 m. This high 
percentage of reef framework, in combination with the shallow water biota, indicates 
that the entire LIG interval was deposited in 0–6 m water depth. This core has the best-
constrained chronology of all the sampled reefs, including three closed system model 
ages (128.7 ka ± 0.7 at 12.01 m, 127.6 ka ± 0.5 ka at 11.2 m and 126.1 ± 0.6 at 8.3 m). 
 
4. Discussion 
4.1 Age constraints on LIG reef growth in the GBR  
The closed-system, ages from in-situ corals identified from Fairfax Reef in the southern 
GBR (128.7 ± 0.7, 127.6 ± 0.5 ka and 126.1 ± 0.8 ka in FFX_3) represent the first 
reliable LIG ages for the GBR. The facies and assemblage data from this reef confirm 
that they grew in shallow water, high-energy environments, at or near sea level, during 
the LIG. Combined with the new open-system model ages, we are now able to more 
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accurately constrain significant LIG reef growth in the southern GBR to ~129–121 ka 
(Figure 8). These ages are consistent with the suggestion of Marshall and Davies 
(1984) that the antecedent platforms of Holocene reefs are LIG in age despite the wide 
variability in the older alpha-counting age data (107–172 ka). Although the timing of 
when the LIG reef first “turned-on’’ remains unknown due to poor recovery at the base 
of many of the cores and the absence of a clear unconformity in most, these results 
clearly demonstrate that significant reef growth occurred on the platform reefs for at 
least 8 ka during the LIG. Hence, southern GBR reefs did not drown during the peak 
LIG highstand as was suggested to have occurred in the central GBR by Harper et al., 
(2015).   
 
New dates documented in this study are broadly consistent with other intervals of 
significant LIG reef growth in the Indo-Pacific and Caribbean, including: Western 
Australia (Stirling et al., 1998, Dutton and Lambeck, 2012, O’Leary et al., 2013), the 
Seychelles (Dutton et al., 2015b), Belize (Gischler et al., 2000), Barbados (Speed and 
Cheng, 2004) and Bahamas (Chen et al., 1991). Differences in the precise timing and 
duration of LIG reef growth at these locations (ranging from 135 ka to 114 ka) are 
related to differences in the timing of relative sea level changes that result from glacial-
isostatic adjustment (GIA), and tectonic movement (Dutton and Lambeck, 2012, Dutton 
et al., 2015a) as complicated by the effects of variably preserved corals on dating. 
However, the timing of prolific reef growth is remarkably similar to that reported in 
Western Australia (~129–122 ka), where only limited reef growth occurred during the 
final phase of the sea level highstand (~122–116 ka) (Dutton and Lambeck, 2012). We 
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also note that reef growth during the end of the LIG highstand would have likely 
switched from vertical to progradational growth as the reef ran out of accommodation, 
with the last few thousand years of growth most likely limited to the very inner or outer 
reef margins (Dechnik et al., 2016). Most Holocene reef margin cores appear to record 
some portion of progradation (Blanchon and Blakeway, 2003, Webb et al., 2016) such 
that isolated cores taken from reef margins in this study may not have captured this final 
stage (~116–122 ka) of reef growth.   
 
4.2 GBR growth during the LIG 
Well-constrained LIG chronologies are restricted to the southern reefs of the Capricorn -
Bunker groups (One Tree, Fitzroy and Fairfax) (Figures 7, 8B). However, broadly 
consistent vertical successions of coralgal assemblages and sedimentary facies occur 
across the seven reefs, revealing three distinct phases of reef growth during the LIG 
across the GBR (Figures 8, 9A).  
>>Figure 9<< 
 
4.2.1 Reef Growth Phase 1; Reef “turn-on” (>129 ka)  
Only RBR_5 and HRN penetrate the previous antecedent surface, presumed to 
represent MIS 7 (Webster, 1999, Braithwaite et al., 2004, 2009), with both reefs 
showing a general pattern of deepening in reef sequences, after initial colonisation 
(Figure 7). Using new palaeoenvironmental interpretations from this study and our 
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reinterpretation of the HRN core (Richards and Hill, 1942), initial growth at both RBR_5 
and HRN occurred in relatively shallow, <10 m palaeowater depth consistent with initial 
flooding of the antecedent topography (Figure 6). Packstone facies and more turbidity-
tolerant corals (Symphyllia, Lobophyllia and Favia) at HRN suggest growth in a more 
lagoonal environment, consistent with its location on the lee at the position of the 
current sand cay. 
 
4.3 Reef Growth Phase 2; Near Drowning (~129 ka)  
A deepening upwards sequence at approximately 24 m occurs in both RBR_5 and 
HRN, consistent with the deeper coralgal assemblages identified at STN_1 and OTI_6 
at the same depth interval. From 24 to 21 m a lack of significant reef framework 
combined with the presence of abundant Halimeda characterises these reefs. This lack 
of coral framework and dominance of Lithophyllum algae at RBR_5, STN_1 and OTI_6, 
is consistent with a near drowning event between 24 and 21 m (Figure 7). From ~20 m 
to 17 m, deeper, more turbidity tolerant corals begin to dominate these same cores 
(Assemblages C, D and F), with palaeoenvironmental conditions fluctuating near the 
tolerance limits of these deeper/turbid coral assemblages. Although we cannot constrain 
the precise timing of this potential near drowning event, we note that the final transition 
from deep to shallow reefs was already established by 128.7 ± 0.7 ka at FFX_3. 
Therefore, this near drowning event must have occurred no later than ~129 ka. Sea 
level rise during the final 70-80 m of the penultimate deglaciation occurred very rapidly 
(Esat et al., 1999, McCulloch and Esat, 2000, Kopp et al., 2009) with new evidence from 
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the Red Sea suggesting a melt-water pulse (MWP-2B at 133-130 ± 2 ka (Figure 8C)) 2-
3 times larger than MWP-1A during the last deglaciation (Grant et al., 2012, 2014, 
Marino et al., 2015). Furthermore, those authors suggested that sea level rose at a rate 
of 28 ± 8 m/ky during MWP-2B (Grant et al., 2014, Marino et al., 2015), far exceeding 
the fastest rates of Holocene reef accretion calculated for these reefs (Dechnik et al., 
2015). Additionally, few framework dominated reefs in the wider Indo-Pacific ever 
achieve such high rates of reef accretion, with modal rates of 6–7 m/ka (Montaggioni, 
2005, Bard et al., 2010). Therefore, HRN and RBR_5 reefs may have initiated during 
this final pulse in sea level rise during the penultimate deglaciation, >129 ka. Reef 
colonisation initially occurred in shallow water as the platform was first flooded, but rapid 
sea-level rise then forced the reef into a deepening and subsequently, near-drowning, 
reef growth response (Davies et al., 1985), reflected in the deepening sequence of 
coralgal assemblages observed at both reefs (Figures 7 and 8). Drowning and/or back 
stepping sequences have been observed in Pleistocene reefs from Tahiti (Thomas et 
al., 2009), Hawaii (Webster et al., 2009) and the Huon Peninsula (Esat et al., 1999), 
dated earlier in the penultimate deglaciation. However, those events occurred prior to 
130 ka at much deeper depths (~50 to 90 m) at the time of deposition relative to the 
platform reefs in this study and Tahiti and Hawaii were also influenced by more rapid 
subsidence (0.25 – 2.6 m/ka) (Thomas et al., 2009, Webster et al., 2009) than the GBR 
(Marshall and Davies, 1984, Hopley et al., 2007).  
 
Regardless, it is plausible that rapid sea level rise alone, near the end of the 
penultimate deglaciation would have been sufficient to cause a near drowning event 
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across the GBR. Other environmental factors such as increased SST, turbidity or 
decreased salinity also can lead to reduced accretion rates, which in conjunction with 
rapid sea level rise may result in reef drowning (Schlager, 1981, Hallock and Schlager, 
1986). Increases in SST have been shown to increase both coral extension and 
calcification rates (Lough and Barnes, 1997, Lough and Barnes, 2000). However, if the 
thermal tolerance levels of corals and their photosynthetic symbionts (zooxanthellae) is 
exceeded, it can result in both coral bleaching and reduced calcification (Hoegh-
Guldberg, 1999). Controversy continues as to whether tropical SSTs in the south-west 
Pacific were indeed warmer during the LIG (Lawrence and Herbert, 2005, McKay et al., 
2011), but evidence of warmer waters in some areas is supported by the pole-ward 
extension of reefs globally during the LIG (Kiessling et al., 2012, Pandolfi and Kiessling, 
2014). In the GBR, fringing reefs likely extended 600 km farther south than at present 
(Pickett et al., 1989, Pickett, 1981), with SST postulated to be as much as 2ºC warmer 
(Cortese et al., 2013) in this region, during the LIG highstand. Therefore, even if SSTs 
were higher, it seems unlikely that they would have been responsible for turning off reef 
growth at ~129–130 ka, as the reef continued to flourish for ~8 ka, regionally across the 
GBR, from ~129–121 ka. 
 
Sea-surface temperature estimates obtained from 17 marine sediment cores in the 
south-west Pacific allowed Cortese et al., (2013)  to conclude that an increase in SST of 
~2ºC along the north-east Australian coast at 132–120 ka would increase subtropical 
flow in the western boundary currents, favoring a stronger and more intense EAC and 
the observed southward extension of reefs (Pickett, 1981, Pickett et al., 1989). In 
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comparison, Felis et al. (2014) identified a decrease in SST of 4–6ºC in the Northern 
GBR and 6–8ºC in the central GBR, during the Last Glacial Maximum (~19–23 ka), 
resulting from the northward expansion of cooler subtropical waters due to a weakening 
of the EAC, highlighting the sensitivity of the EAC to fluctuations in SST (Sprintall et al., 
1995). A warmer and stronger EAC has been associated with increased upwelling and 
cyclonic eddy formation (e.g., the Capricorn eddy in the southern GBR), which brings 
cooler and nutrient-enriched water to the upper surface layers (Weeks et al., 2010, 
Suthers et al., 2011). Specifically, a faster flowing and more intense EAC is predicted to 
raise the thermocline closer to the surface, delivering increased, relative to today, deep, 
nutrient-rich water to the shelf, where upward mixing onto the platform reefs would be 
assisted by increased cold core eddies in the south (Steinberg, 2007), and vortices 
generated by increased reversing tidal currents in the northern and central GBR 
(Wolanski, 1994, Hopley et al., 2007). If such conditions existed during the early LIG, 
this increased nutrient-rich, turbid water may have exacerbated reef decline further, 
while creating more favorable conditions for Halimeda growth (Wolanski et al., 1988). 
 
Significant early Holocene (~11 ka) upwelling identified previously in the northern and 
central regions of the GBR, where it was restricted to areas with shelf break upwelling 
(Furnas and Mitchell, 1996) or tidal jetting (Wolanski et al., 1988), was considered 
responsible for construction of large Halimeda bioherms behind reef platforms (to the 
lee) on the outer and mid-shelf (Wolanski et al., 1988, Hopley et al., 2007). However, 
only small accumulations of Halimeda have been identified in Holocene platform reefs 
themselves (Hopley et al., 2007), suggesting a possible alternate mechanism for 
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upwelling during the LIG. A warmer and hence stronger and more intense EAC is thus a 
plausible mechanism for generating greater upwelling events, producing large amounts 
of Halimeda regionally on LIG reef platforms, from the northern to the southern GBR. 
Taken together, the significant lack of in-situ reef framework and dominance of 
Halimeda and Lithophyllum in reef sediments, suggest a near reef drowning event may 
have occurred prior to ~128 ka in response to rapid sea level rise and environmental 
stresses from increased upwelled, nutrient-enriched water. 
 
4.4 Reef Growth Phase 3a/b; Reef “take-off” (~128–121 ka) 
The last phase of LIG reef growth was dominated by in-situ reef framework, where 
shallowing upward sequences suggest that reefs finally caught up with sea level. At 
approximately 20 m there is a distinct change where coral assemblages cAC and cAD 
(Reef Growth Phase 3b) are replaced by cAA and cAB (Reef Growth Phase 3a) at both 
Ribbon and One Tree reefs (Figure 7). Similarly, the algal assemblages transition from 
deeper water aA2 to shallow water aA1. A single age from the shallow water 
assemblage at OTI_6 constrains this transition to 126.3 ± 0.7 ka. The transitions from 
deep to shallow coralgal assemblages at RBR_5, OTI_5 and OTI_6 at about 21 m 
below PMSL are consistent with the dominance of shallow reef assemblages identified 
at FIT_2, FIT_3 and FFX_3 between ~8 and 15 m below PMSL. Shallow water (0–6 m) 
conditions were established at stratigraphically higher elevations (i.e., shallower depths) 
12 m below PMSL by ~128 ka at FFX_3 (Figure 7).  
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Reef accretion rates could be calculated only for FFX3 and FIT3 during this final stage 
of reef growth. However, the relatively slow rates of reef accretion (1.5 ± 0.8 m/ka, 1.3 ± 
0.7 m/ka) identified in this study (Figure 8) are strikingly similar (0.1–1.7 m/ka) to those 
of late Holocene reef accretion rates previously established in cores from the GBR 
(Marshall and Davies, 1985, Dechnik et al., 2015, Webb et al., 2016), wider Indo-Pacific 
(Cabioch et al., 1995, Montaggioni and Faure, 1997, Camoin et al., 1997) and 
Caribbean (Gischler, 2008, Gischler, 2015) In the Holocene, these slow rates of 
accretion are indicative of highstand intervals where limited accommodation restricts 
reef margin growth to lateral progradation (Marshall and Davies, 1982, Montaggioni, 
2005, Hopley et al., 2007). There are relatively few vertical accretion rates published for 
LIG reefs, but similar rates of reef accretion (0.26 m/ky) were observed in the 
Seychelles, one of the other few far-field LIG sites studied (Dutton et al., 2015b). 
Moreover, the compositions of these LIG deposits were interpreted to have grown in < 2 
m palaeowater depth with similar coralgal assemblages to the reefs in this study.  
 
Palaeowater depth estimates for the LIG produced in this study suggest relative sea 
level in the GBR was at least 6–12 m lower than peak relative sea level in Western 
Australia, which is the datum used to develop the sea-level curve from the Huon 
Peninsula shown in Figure 8B (Lambeck and Chappell, 2001) (i.e. the entire LIG 
sequence in the southern GBR occurs at a lower than expected elevation). Detailed 
palaeowater depth data were not produced by Marshall and Davies (1984), but they 
suggested that LIG reefs of the Capricorn and Bunker groups were capable of attaining 
growth to at least PMSL. Hence, they postulated that subsequent subsidence and/or 
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karstification was responsible for this discrepancy in LIG reef age/elevation data. 
However, a detailed re-examination for this discrepancy is beyond the scope of this 
study, and will be addressed in future work. 
 
4.5 Comparisons with overlying Holocene reefs 
Comparisons between Holocene (Webster and Davies, 2003, Dechnik et al., 2015) and 
LIG reef assemblages clearly demonstrate that both reef sequences experienced 
significantly different palaeodepositional environments during their initial turn-on. 
However, the compositional similarity in shallow water coralgal assemblages and slow 
accretion rates during their final stages of development suggest that reefs of both ages 
were capable of re-establishing similar shallow water communities following sea level 
stablisation.  
Specifically, 24 coral species and 14 algal species occur in at least one core in reefs of 
both interglacials, with the LIG reef having a slightly higher diversity of coral and algal 
species than the Holocene (Table 6, Figure 10). Holocene reef cores studied by 
Dechnik et al., (2015) have a significantly higher percentage of shallow, higher energy 
coralgal species compared to the LIG (Figure 10). However, the dominant genera 
making up the shallow coralgal species of Holocene and Pleistocene reef cores are 
relatively similar, dominated by Acropora/Isopora sp. (Figure 10). As previously 
discussed, the higher abundance of deeper and more turbid coralgal assemblages in 
LIG reefs was most likely a response to a rapidly rising sea level near the end of the 
penultimate deglaciation (Esat et al., 1999, McCulloch and Esat, 2000) combined with 
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greater upwelling as a result of a stronger and a more intense EAC (Suthers et al., 
2011, Cortese et al., 2013). While the Holocene reefs also experienced an initial 
deeper/more turbid phase of growth following the transgression (Dechnik et al., 2015), 
both the established rate of sea level rise (Esat et al., 1999) and predicted upwelling 
(Cortese et al., 2013) were likely far greater during the establishment of the LIG reef. 
 >>Table 6<< 
>>Figure 10<< 
 
5. Conclusions 
Analysis of drill cores recovered from below the modern GBR provide the most 
comprehensive picture of the evolution of reef growth during the LIG yet. Based on our 
analysis of newly defined sedimentary facies, coralgal assemblages and U-Th age data 
we draw the following main conclusions:  
1. We provide the first mass spectrometry closed-system U-Th ages (128.7 ± 0.7, 
127.6 ± 0.5 ka and 126.1 ± 0.8 ka), confirming that the immediate antecedent 
topography underlying the current GBR formed during the peak LIG. 
Furthermore, combined with our modeled open system ages, they provide a new 
estimate for the duration of significant LIG reef growth in the Southern GBR, from 
at least ~129 to 121 ka. 
2. Sedimentary facies, coralgal composition and age data indicate that the 
development of LIG reefs is more complex than previously thought, with three 
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distinct growth phases defined : Phase 1 (>129 ka), a shallow-water coralgal 
colonisation phase following initial flooding of existing, likely MIS-7, antecedent 
platform; Phase 2 (~129 ka), a deepening-up near drowning event in response to 
rapid sea level rise and greater upwelling of nutrient-rich water, and Phase 3a/b 
(~128–121 ka), re-establishment of significant coral-dominated reef framework 
through catch-up growth, initially characterised by deeper more turbid coralgal 
assemblages (Phase 3a) that transition to shallow-water reef biota, following sea 
level stabilisation (Phase 3b). 
3. Comparison of coralgal assemblages and sedimentary facies between Holocene 
and LIG reef sequences suggests that the palaeoenvironments during the initial 
turn-on phases of the two interglacial intervals were significantly different. 
However, similar composition of ultimate shallow-water coralgal assemblages 
and slow reef aggradation rates following stabilisation of sea level, suggest both 
the LIG and Holocene reefs developed in a similar way as they approached 
mean sea level.  
 
Acknowledgements:   
This research was supported by the Australian Research Council (DP1094001, DP120101793), the 
Naturalis Biodiversity Centre, Leiden, and NSF Award 1155495. The authors wish to thank Willem 
Renema for his help with analysing the microfacies data, Ai Duc Nguyen, who aided with U-series dating 
and Tony Raftery and Henry Spratt from the Central Analytical Research Facility (QUT) for aid with XRD 
analysis. We would also like to acknowledge Mathew Foley, Madhavi Patterson and the Australian Centre 
for Microscopy and Microanalysis for their help with image analysis.    
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
 
 
  
 
References 
ABBEY, E., WEBSTER, J. M., BRAGA, J. C., SUGIHARA, K., WALLACE, C., IRYU, Y., POTTS, D., DONE, T., CAMOIN, G. & 
SEARD, C. 2011. Variation in deglacial coralgal assemblages and their paleoenvironmental significance: 
IODP Expedition 310, “Tahiti Sea Level”. Global and Planetary Change, 76, 1-15. 
ADEY, W. 1986. Coralline algae as indicators of sea-level. Sea-level research: a manual for the collection and 
evaluation of data. Free University of Amsterdam, Amsterdam, 229-280. 
ADEY, W. H., TOWNSEND, R. A. & BOYKINS, W. T. 1982. The crustose coralline algae (Rhodophyta: Corallinaceae) of 
the Hawaiian Islands. 
ALEXANDER, I., ANDRES, M., BRAITHWAIT, C., BRAGA, J., COOPER, M., DAVIES, P., ELDERFIELD, H., GILMOUR, M., 
KAY, R., KROON, D., MCKENZIE, J., MONTAGGIONI, L., SKINNER, A., THOMPSON, R., VASCONCELOS, C., 
WEBSTER, J. M. & WILSON, P. 2001. New constraints on the origin of the Australian Great Barrier Reef; 
results from an international project of deepe coring. Geology, 29, 483-486. 
ANDERSEN, M. B., STIRLING, C. H., ZIMMERMANN, B. & HALLIDAY, A. N. 2010. Precise determination of the open 
ocean 234U/238U composition. Geochemistry, Geophysics, Geosystems, 11. 
BARD, E., HAMELIN, B. & DELANGHE-SABATIER, D. 2010. Deglacial meltwater pulse 1B and Younger Dryas sea 
levels revisited with boreholes at Tahiti. Science, 327, 1235-1237. 
BLANCHON, P. & BLAKEWAY, D. 2003. Are catch-up reefs an artefact of coring? Sedimentology, 50, 1271-1282. 
BOUCHON, C. Quantitative study of scleractinian coral communities of Tiahura reef (Moorea Island, French 
Polynesia).  Proc 5th Int Coral Reef Symp, 1985. 279-284. 
BRAGA, J. & DAVIES, P. 1993. Coralline algal distribution in One Tree Reef (Southern Great Barrier Reef, NE 
Australia). International Society for Reef Studies 1st European Regional Meet, Vienna, Abstr, 9. 
BRAGA, J. C. & AGUIRRE, J. 2004. Coralline algae indicate Pleistocene evolution from deep, open platform to outer 
barrier reef environments in the northern Great Barrier Reef margin. Coral Reefs, 23, 547-558. 
BRAITHWAITE, C. & MONTAGGIONI, L. F. 2009. The Great Barrier Reef: a 700 000 year diagenetic history. 
Sedimentology, 56, 1591-1622. 
BRAITHWAITE, C. J., DALMASSO, H., GILMOUR, M. A., HARKNESS, D. D., HENDERSON, G. M., KAY, R. L. F., KROON, 
D., MONTAGGIONI, L. F. & WILSON, P. A. 2004. The Great Barrier Reef: the chronological record from a 
new borehole. Journal of Sedimentary Research, 74, 298-310. 
CABIOCH, G. 2003. Postglacial reef development in the South-West Pacific: case studies from New Caledonia and 
Vanuatu. Sedimentary Geology, 159, 43-59. 
CABIOCH, G., CAMOIN, G. & MONTAGGIONI, L. 1999a. Postglacial growth history of a French Polynesian barrier 
reef tract, Tahiti, central Pacific. Sedimentology, 46, 985-1000. 
CABIOCH, G., MONTAGGIONI, L. & FAURE, G. 1995. Holocene initiation and development of New Caledonian 
fringing reefs, SW Pacific. 14, 131-140. 
CABIOCH, G., MONTAGGIONI, L., FAURE, G. & RIBAUD-LAURENTI, A. 1999b. Reef coralgal assemblages as recorders 
of paleobathymetry and sea level changes in the Indo-Pacific province. Quaternary Science Reviews, 18, 
1681-1695. 
CAMOIN, G., EBREN, P., EISENHAUER, A., BARD, E. & FAURE, G. 2001. A 300 000-yr coral reef record of sea level 
changes, Mururoa atoll (Tuamotu archipelago, French Polynesia). Palaeogeography, Palaeoclimatology, 
Palaeoecology, 175, 325-341. 
CAMOIN, G., IRYU, Y. & MCINROY, D. 2007. Proceeding of the international drilling program:Tahiti Sea-Level. 
International Ocean Drilling Program, 310. 
CAMOIN, G. F., COLONNA, M., MONTAGGIONI, L. F., CASANOVA, J., FAURE, G. & THOMASSIN, B. A. 1997. Holocene 
sea level changes and reef development in the southwestern Indian Ocean. Coral Reefs, 16, 247-259. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
 
 
CHENG, H., EDWARDS, R. L., SHEN, C.-C., POLYAK, V. J., ASMEROM, Y., WOODHEAD, J., HELLSTROM, J., WANG, Y., 
KONG, X. & SPÖTL, C. 2013. Improvements in 230 Th dating, 230 Th and 234 U half-life values, and U–Th 
isotopic measurements by multi-collector inductively coupled plasma mass spectrometry. Earth and 
Planetary Science Letters, 371, 82-91. 
CLARK, T. R., ROFF, G., ZHAO, J.-X., FENG, Y.-X., DONE, T. J. & PANDOLFI, J. M. 2014a. Testing the precision and 
accuracy of the U–Th chronometer for dating coral mortality events in the last 100 years. Quaternary 
Geochronology, 23, 35-45. 
CLARK, T. R., ZHAO, J.-X., ROFF, G., FENG, Y.-X., DONE, T. J., NOTHDURFT, L. D. & PANDOLFI, J. M. 2014b. Discerning 
the timing and cause of historical mortality events in modern Porites from the Great Barrier Reef. 
Geochimica et Cosmochimica Acta, 138, 57-80. 
CORTESE, G., DUNBAR, G. B., CARTER, L., SCOTT, G., BOSTOCK, H., BOWEN, M., CRUNDWELL, M., HAYWARD, B. W., 
HOWARD, W., MARTÍNEZ, J. I., MOY, A., NEIL, H., SABAA, A. & STURM, A. 2013. Southwest Pacific Ocean 
response to a warmer world: Insights from Marine Isotope Stage 5e. Paleoceanography, 28, 585-598. 
CRAME, J. 1981. Ecological stratification in the Pleistocene coral reefs of the Kenya coast. Palaeontology, 24, 609-
646. 
DAVIES, P. 1974. Subsurface solution unconformities at Heron Island, Great Barrier Reef. Proceeding of the second 
international coral reef symposium, 2, 95-102. 
DAVIES, P. & HOPLEY, D. 1983. Growth fabrics and growth rates of Holocene reefs in the Great Barrier Reef. 
Journal of Australian Geology and Geophysics, 8, 237-251. 
DAVIES, P., MARSHALL, J. & HOPLEY, D. 1985. Relationship between reef growth and sea-level in the Great Barrier 
Reef. Proceeding of the second international coral reef symposium, 3, 95-103. 
DECHNIK, B., WEBSTER, J. M., DAVIES, P. J., BRAGA, J.-C. & REIMER, P. J. 2015. Holocene “turn-on” and evolution of 
the Southern Great Barrier Reef: Revisiting reef cores from the Capricorn Bunker Group. Marine Geology, 
363, 174-190. 
DECHNIK, B., WEBSTER, J. M., NOTHDURFT, L., WEBB, G. E., ZHAO, J.-X., DUCE, S., BRAGA, J. C., HARRIS, D. L., VILA-
CONCEJO, A. & PUOTINEN, M. 2016. Influence of hydrodynamic energy on Holocene reef flat accretion, 
Great Barrier Reef. Quaternary Research, 85, 44-53. 
DONE, T. 1983. Coral zonation: its nature and significance. Perspectives on coral reefs, 107-147. 
DONE, T. J. 1982. Patterns in the distribution of coral communities across the central Great Barrier Reef. Coral 
Reefs, 1, 95-107. 
DUNBAR, G. B. & DICKENS, G. R. 2003a. Late Quaternary shedding of shallow‐marine carbonate along a tropical 
mixed siliciclastic–carbonate shelf: Great Barrier Reef, Australia. Sedimentology, 50, 1061-1077. 
DUNBAR, G. B. & DICKENS, G. R. 2003b. Massive siliciclastic discharge to slopes of the Great Barrier Reef Platform 
during sea-level transgression: constraints from sediment cores between 15°S and 16°S latitude and 
possible explanations. Sedimentary Geology, 162, 141-158. 
DUTTON, A., CARLSON, A. E., LONG, A. J., MILNE, G. A., CLARK, P. U., DECONTO, R., HORTON, B. P., RAHMSTORF, S. 
& RAYMO, M. E. 2015a. Sea-level rise due to polar ice-sheet mass loss during past warm periods. Science, 
349, aaa4019. 
DUTTON, A. & LAMBECK, K. 2012. Ice volume and sea level during the last interglacial. Science, 337, 216-219. 
DUTTON, A., WEBSTER, J. M., ZWARTZ, D., LAMBECK, K. & WOHLFARTH, B. 2015b. Tropical tales of polar ice: 
evidence of Last Interglacial polar ice sheet retreat recorded by fossil reefs of the granitic Seychelles 
islands. Quaternary Science Reviews, 107, 182-196. 
ESAT, T. M., MCCULLOCH, M. T., CHAPPELL, J., PILLANS, B. & OMURA, A. 1999. Rapid fluctuations in sea level 
recorded at Huon Peninsula during the penultimate deglaciation. Science, 283, 197-201. 
FAITH, D. P., MINCHIN, P. R. & BELBIN, L. 1987. Compositional dissimilarity as a robust measure of ecological 
distance. Vegetatio, 69, 57-68. 
FEARY, D. A., DAVIES, P. J., PIGRAM, C. J. & SYMONDS, P. A. 1991. Climatic evolution and control on carbonate 
deposition in northeast Australia. Palaeogeography, Palaeoclimatology, Palaeoecology, 89, 341-361. 
FELIS, T., MCGREGOR, H. V., LINSLEY, B. K., TUDHOPE, A. W., GAGAN, M. K., SUZUKI, A., INOUE, M., THOMAS, A. L., 
ESAT, T. M., THOMPSON, W. G., TIWARI, M., POTTS, D. C., MUDELSEE, M., YOKOYAMA, Y. & WEBSTER, J. 
M. 2014. Intensification of the meridional temperature gradient in the Great Barrier Reef following the 
Last Glacial Maximum. Nature Communications, 5. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
 
 
FURNAS, M. J. & MITCHELL, A. W. 1996. Nutrient inputs into the central Great Barrier Reef (Australia) from 
subsurface intrusions of Coral Sea waters: a two-dimensional displacement model. Continental Shelf 
Research, 16, 1127-1148. 
GISCHLER, E. 2007. Pleistocene facies of Belize barrier and atoll reefs. Facies, 53, 27-41. 
GISCHLER, E. 2008. Accretion patterns in Holocene tropical coral reefs: do massive coral reefs in deeper water with 
slowly growing corals accrete faster than shallower branched coral reefs with rapidly growing corals? 
International Journal of Earth Sciences, 97, 851-859. 
GISCHLER, E. 2015. Quaternary reef response to sea‐level and environmental change in the western Atlantic. 
Sedimentology, 62, 429-465. 
GISCHLER, E., LOMANDO, A. J., HUDSON, J. H. & HOLMES, C. W. 2000. Last interglacial reef growth beneath Belize 
barrier and isolated platform reefs. Geology, 28, 387-390. 
GISCHLER, E., THOMAS, A. L., DROXLER, A. W., WEBSTER, J. M., YOKOYAMA, Y. & SCHÖNE, B. R. 2013. Microfacies 
and diagenesis of older Pleistocene (pre‐last glacial maximum) reef deposits, Great Barrier Reef, 
Australia (IODP Expedition 325): A quantitative approach. Sedimentology, 60, 1432-1466. 
GRANT, K. M., ROHLING, E. J., BAR-MATTHEWS, M., AYALON, A., MEDINA-ELIZALDE, M., RAMSEY, C. B., SATOW, C. 
& ROBERTS, A. P. 2012. Rapid coupling between ice volume and polar temperature over the past 150,000 
[thinsp] years. Nature, 491, 744-747. 
GRANT, K. M., ROHLING, E. J., RAMSEY, C. B., CHENG, H., EDWARDS, R. L., FLORINDO, F., HESLOP, D., MARRA, F., 
ROBERTS, A. P. & TAMISIEA, M. E. 2014. Sea-level variability over five glacial cycles. Nature 
communications, 5. 
GREENSTEIN, B. J., CURRAN, H. A. & PANDOLFI, J. M. 1998. Shifting ecological baselines and the demise of 
Acropora cervicornis in the western North Atlantic and Caribbean Province: a Pleistocene perspective. 
Coral Reefs, 17, 249-261. 
HALLOCK, P. & SCHLAGER, W. 1986. Nutrient excess and the demise of coral reefs and carbonate platforms, . 
Palaios, 1, 389-398. 
HARPER, B. B., PUGA-BERNABÉU, Á., DROXLER, A. W., WEBSTER, J. M., GISCHLER, E., TIWARI, M., LADO-INSUA, T., 
THOMAS, A. L., MORGAN, S., JOVANE, L. & RÖHL, U. 2015. Mixed Carbonate–Siliciclastic Sedimentation 
Along the Great Barrier Reef Upper Slope: A Challenge To the Reciprocal Sedimentation Model. Journal of 
Sedimentary Research, 85, 1019-1036. 
HOEGH-GULDBERG, O. 1999. Climate change, coral bleaching and the future of the world's coral reefs. Marine and 
freshwater research, 50, 839-866. 
HONGO, C. 2012. Holocene key coral species in the Northwest Pacific: indicators of reef formation and reef 
ecosystem responses to global climate change and anthropogenic stresses in the near future. Quaternary 
Science Reviews, 35, 82-99. 
HONGO, C. & KAYANNE, H. 2010a. Holocene sea-level record from corals: reliability of paleodepth indicators at 
Ishigaki Island, Ryukyu Islands, Japan. Palaeogeography, Palaeoclimatology, Palaeoecology, 287, 143-151. 
HONGO, C. & KAYANNE, H. 2010b. Relationship between species diversity and reef growth in the Holocene at 
Ishigaki Island, Pacific Ocean. Sedimentary Geology, 223, 86-99. 
HOPLEY, D. 1977. The age of the outer ribbon reef surface, Great Barrier Reef, Australia: implications for 
hydroisostatic models. Proc. Third Int. Coral Reef Symp. Miami, 2, 23-28. 
HOPLEY, D. 1982. The Geomorphology of the Great Barrier Reef: Quaternary Development of Coral Reefs                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
In: WILEY-INTERSCIENCE (ed.). New York: Wiley-Interscience. 
HOPLEY, D., SMITHERS, S. G. & PARNELL, K. 2007. The geomorphology of the Great Barrier Reef: development, 
diversity and change, Cambridge University Press. 
HUMBLET, M., HONGO, C. & SUGIHARA, K. 2015. An identification guide to some major Quaternary fossil 
reef‐building coral genera (Acropora, Isopora, Montipora, and Porites). Island Arc, 24, 16-30. 
HUMBLET, M., IRYU, Y. & NAKAMORI, T. 2009. Variations in Pleistocene coral assemblages in space and time in 
southern and northern Central Ryukyu Islands, Japan. Marine Geology, 259, 1-20. 
KIESSLING, W., SIMPSON, C., BECK, B., MEWIS, H. & PANDOLFI, J. M. 2012. Equatorial decline of reef corals during 
the last Pleistocene interglacial. Proceedings of the National Academy of Sciences, 109, 21378-21383. 
KLEYPAS, J. 1996. Coral reef development under naturally turbid conditions: fringing reefs near Broad Sound, 
Australia. Coral Reefs, 15, 153-167. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
 
 
KOPP, R. E., SIMONS, F. J., MITROVICA, J. X., MALOOF, A. C. & OPPENHEIMER, M. 2009. Probabilistic assessment of 
sea level during the last interglacial stage. Nature, 462, 863-867. 
LABOREL, J. 1986. Vermetid gastropods as sea-level indicators. Sea-level Research: a Manual for the Collection and 
Evaluation of Data, Geo Books, Norwich, 10, 281-310. 
LAMBECK, K. & CHAPPELL, J. 2001. Sea Level Change Through the Last Glacial Cycle. Science, 292, 679-686. 
LAWRENCE, K. T. & HERBERT, T. D. 2005. Late Quaternary sea-surface temperatures in the western Coral Sea: 
implications for the growth of the Australian Great Barrier Reef. Geology, 33, 677-680. 
LITTER, D. & LITTER, M. 2003. South Pacific Reef Plants. A divers’ Guide to the Plant Life of South Pacific Coral Reefs. 
OffShore Graphics Inc publ, Washington, DC. 
LOUGH, J. M. & BARNES, D. J. 1997. Several centuries of variation in skeletal extension, density and calcification in 
massive Porites colonies from the Great Barrier Reef: A proxy for seawater temperature and a background 
of variability against which to identify unnatural change. JEMBE 211, 29-67. 
LOUGH, J. M. & BARNES, D. J. 2000. Environmental controls on growth of the massive coral Porites. Journal of 
Experimental Marine Biology and Ecology, 245, 225-243. 
LUDWIG, K. R. 2003. Users Manual for Isoplot/Ex version 3.0: A Geochronological Toolkit for Microsoft Excel. 
Berkeley Geochronology Centre Special Publication No 3. 
MARINO, G., ROHLING, E. J., RODRÍGUEZ-SANZ, L., GRANT, K. M., HESLOP, D., ROBERTS, A. P., STANFORD, J. D. & 
YU, J. 2015. Bipolar seesaw control on last interglacial sea level. Nature, 522, 197-201. 
MARSHALL, J. 1985. Croos-shelf and facies related variations in the submarine cementation on the Central Great 
Barrier Reef. Proceeding of the fifth international coral reef symposium, 3, 221-226. 
MARSHALL, J. & DAVIES, P. 1984. Last interglacial reef growth beneath modern reefs in the southern Great Barrier 
Reef. Nature, 307, 44-47. 
MARSHALL, J. & DAVIES, P. 1985. Facies variation and Holocene reef growth in the Southern Great Barrier Reef. 
Coastal Geopmorphology of Australia, 6, 123-133. 
MARSHALL, J. F. & DAVIES, P. J. 1982. Internal structure and Holocene evolution of One Tree Reef, southern Great 
Barrier Reef. Coral Reefs, 1, 21-28. 
MARSHALL, J. F. & DAVIES, P. J. 1988. Halimeda bioherms of the northern Great Barrier Reef. Coral Reefs, 6, 139-
148. 
MASSON-DELMOTTE, V., SCHULZ, M., ABE-OUCHI, A., BEER, J., GANOPOLSKI, A., GONZÁLEZ ROUCO, J., JANSEN, E., 
LAMBECK, K., LUTERBACHER, J. & NAISH, T. 2013. Information from paleoclimate archives. Climate 
change, 383-464. 
MCCULLOCH, M. T. & ESAT, T. 2000. The coral record of last interglacial sea levels and sea surface temperatures. 
Chemical Geology, 169, 107-129. 
MCKAY, N. P., OVERPECK, J. T. & OTTO‐BLIESNER, B. L. 2011. The role of ocean thermal expansion in Last 
Interglacial sea level rise. Geophysical Research Letters, 38. 
MCNEIL, M. A., WEBSTER, J. M., BEAMAN, R. J. & GRAHAM, T. L. 2016. New constraints on the spatial distribution 
and morphology of the Halimeda bioherms of the Great Barrier Reef, Australia. Coral Reefs, 1-13. 
MESOLELLA, K. J. 1967. Zonation of uplifted Pleistocene coral reefs on Barbados, West Indies. Science, 156, 638-
640. 
MESOLELLA, K. J., SEALY, H. A. & MATTHEWS, R. K. 1970. Facies geometries within Pleistocene reefs of Barbados, 
West Indies. Am Assoc Petrol Geol Bull, 54, 1899-1917. 
MONTAGGIONI, L. F. 2005. History of Indo-Pacific coral reef systems since the last glaciation: development 
patterns and controlling factors. Earth-Science Reviews, 71, 1-75. 
MONTAGGIONI, L. F., CABIOCH, G., CAMOIN, G. F., BARD, E., LAURENTI, A. R., FAURE, G., DÉJARDIN, P. & RÉCY, J. 
1997. Continuous record of reef growth over the past 14 ky on the mid-Pacific island of Tahiti. Geology, 
25, 555-558. 
MONTAGGIONI, L. F. & CAMOIN, G. F. 1993. Stromatolites associated with coralgal communities in Holocene high-
energy reefs. Geology, 21, 149-152. 
MONTAGGIONI, L. F. & FAURE, G. 1997. Response of reef coral communities to sea‐level rise: a Holocene model 
from Mauritius (Western Indian Ocean). Sedimentology, 44, 1053-1070. 
MULTER, H., GISCHLER, E., LUNDBERG, J. & SIMMONS, K. 2002. Key Largo Limestone revisited: Pleistocene shelf-
edge facies. Florida Keys, USA. Facies, 46, 229-272. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
 
 
NOTHDURFT, L. D. & WEBB, G. E. 2009. Earliest diagenesis in scleractinian coral skeletons: implications for 
palaeoclimate-sensitive geochemical archives. Facies, 55, 161-201. 
O’LEARY, M. J., HEARTY, P. J., THOMPSON, W. G., RAYMO, M. E., MITROVICA, J. X. & WEBSTER, J. M. 2013. Ice 
sheet collapse following a prolonged period of stable sea level during the last interglacial. Nature 
Geoscience, 6, 796-800. 
ORME, G., WEBB, J., KELLAND, N. & SARGENT, G. 1978. Aspects of the geological history and structure of the 
northern Great Barrier Reef. Philosophical Transactions of the Royal Society of London. Series A, 
Mathematical and Physical Sciences, 291, 23-35. 
OTTO-BLIESNER, B. L., ROSENBLOOM, N., STONE, E. J., MCKAY, N. P., LUNT, D. J., BRADY, E. C. & OVERPECK, J. T. 
2013. How warm was the last interglacial? New model–data comparisons. Philosophical Transactions of 
the Royal Society of London A: Mathematical, Physical and Engineering Sciences, 371, 20130097. 
PANDOLFI, J. 1996. Limited membership in Pleistocene reef coral assemblages from the Huon Peninsul, Papua New 
Guinea: constancy during global change. . Paleobiology, 22, 153-176. 
PANDOLFI, J. M. & KIESSLING, W. 2014. Gaining insights from past reefs to inform understanding of coral reef 
response to global climate change. Current Opinion in Environmental Sustainability, 7, 52-58. 
PICKETT, J. 1981. A late Pleistocene coral fauna from Evans Head, NSW. Alcheringa, 5, 71-83. 
PICKETT, J. W., KU, T. L., THOMPSON, C. H., ROMAN, D., KELLEY, R. A. & HUANG, Y. P. 1989. A review of age 
determinations on Pleistocene corals in eastern Australia. Quaternary Research, 31, 392. 
PUOTINEN, M. M., DONE, T. T. & SKELLEY, W. 1997. An atlas of tropical cyclones in the Great Barrier Reef region: 
1969-1997. 
RICHARDS, V. & HILL, D. 1942. Great Barrier Reef Bores, 1926 and 1937. Description analysis and interpretations. 
Great Barrier Reef Committee, 5, 1-22 
 
SAGAWA, N., NAKAMORI, T. & IRYU, Y. 2001. Pleistocene reef development in the southwest Ryukyu Islands, 
Japan. Palaeogeography, Palaeoclimatology, Palaeoecology, 175, 303-323. 
SCHLAGER, W. 1981. The paradox of drowned reefs and carbonate platforms. Geological Society of America 
Bulletin, 92, 197. 
SEARLE, D. E. & FLOOD, P. G. 1988. Halimeda bioherms of the Swain reefs—southern Great Barrier Reef. 3, 139-
144. 
SPRINTALL, J., ROEMMICH, D., STANTON, B. & BAILEY, R. 1995. Regional climate variability and ocean heat 
transport in the southwest Pacific Ocean. Journal of Geophysical Research: Oceans, 100, 15865-15871. 
STEINBERG, C. 2007. Impacts of climate change on the physical oceanography of the Great Barrier Reef. 
STIRLING, C., ESAT, T., LAMBECK, K. & MCCULLOCH, M. 1998. Timing and duration of the Last Interglacial: evidence 
for a restricted interval of widespread coral reef growth. Earth and planetary science letters, 160, 745-
762. 
SUTHERS, I. M., YOUNG, J. W., BAIRD, M. E., ROUGHAN, M., EVERETT, J. D., BRASSINGTON, G. B., BYRNE, M., 
CONDIE, S. A., HARTOG, J. R. & HASSLER, C. S. 2011. The strengthening East Australian Current, its eddies 
and biological effects—an introduction and overview. Deep Sea Research Part II: Topical Studies in 
Oceanography, 58, 538-546. 
THOMAS, A. L., HENDERSON, G. M., DESCHAMPS, P., YOKOYAMA, Y., MASON, A. J., BARD, E., HAMELIN, B., 
DURAND, N. & CAMOIN, G. 2009. Penultimate Deglacial Sea-Level Timing from Uranium/Thorium Dating 
of Tahitian Corals. Science, 324, 1186-1189. 
THOMPSON, W. G., SPIEGELMAN, M. W., GOLDSTEIN, S. L. & SPEED, R. C. 2003. An open-system model for U-series 
age determinations of fossil corals. Earth and planetary science letters, 210, 365-381. 
TURNEY, C. S. M. & JONES, R. T. 2010. Does the Agulhas Current amplify global temperatures during 
super‐interglacials? Journal of Quaternary Science, 25, 839-843. 
VERON, J. 2000. Corals of the world. Australian Institute of Marine Science 1-3. 
VERON, J. E. N. 1986. Corals of Australia and the Indo-Pacific, University of Hawaii Press. 
WALLACE, C., CHEN, C., FUKAMI, H. & MUIR, P. 2007. Recognition of separate genera within Acropora based on 
new morphological, reproductive and genetic evidence from Acropora togianensis, and elevation of the 
subgenus Isopora Studer, 1878 to genus (Scleractinia: Astrocoeniidae; Acroporidae). Coral Reefs, 26, 231-
239. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
 
 
WEBB, G. E., NOTHDURFT, L. D., KAMBER, B. S., KLOPROGGE, J. & ZHAO, J. X. 2009. Rare earth element 
geochemistry of scleractinian coral skeleton during meteoric diagenesis: a sequence through 
neomorphism of aragonite to calcite. Sedimentology, 56, 1433-1463. 
WEBB, G. E., NOTHDURFT, L. D., ZHAO, J.-X., OPDYKE, B. & PRICE, G. 2016. Significance of shallow core transects for 
reef models and sea level curves, Heron Reef, Great Barrier Reef. Sedimentology, 63, 1396-1424. 
WEBSTER, J. 1999. The response of coral reefs to sea level change: evidence from the Ryukyu islands and the Great 
Barrier Reef. Unpublished data, PhD thesis, USYD Uni, 328. 
WEBSTER, J. & DAVIES, P. 2003. Coral variation in two deep drill cores: significance for the Pleistocene 
development of the Great Barrier Reef. Sedimentary Geology, 159, 61-80. 
WEBSTER, J. M., BRAGA, J. C., CLAGUE, D. A., GALLUP, C., HEIN, J. R., POTTS, D. C., RENEMA, W., RIDING, R., RIKER-
COLEMAN, K., SILVER, E. & WALLACE, L. M. 2009. Coral reef evolution on rapidly subsiding margins. Global 
and Planetary Change, 66, 129-148. 
WEEKS, S. J., BAKUN, A., STEINBERG, C. R., BRINKMAN, R. & HOEGH-GULDBERG, O. 2010. The Capricorn Eddy: a 
prominent driver of the ecology and future of the southern Great Barrier Reef. Coral Reefs, 29, 975-985. 
WOLANSKI, E. 1994. Physical oceanographic processes of the Great Barrier Reef, CRC Press. 
WOLANSKI, E., DREW, E., ABEL, K. M. & O'BRIEN, J. 1988. Tidal jets, nutrient upwelling and their influence on the 
productivity of the alga Halimeda  in the Ribbon Reefs, Great Barrier Reef. Estuarine, Coastal and Shelf 
Science, 26, 169-201. 
WOODROFFE, C. D. & WEBSTER, J. M. 2014. Coral reefs and sea-level change. Marine Geology, 352, 248-267. 
ZHOU, H., ZHAO, J., QING, W., FENG, Y. & TANG, J. 2011. Speleothem‐derived Asian summer monsoon variations in 
Central China, 54–46 ka. Journal of Quaternary Science, 26, 781-790. 
  
 
 
  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
 
 
Figure 1: A) Locality map of reefs in this study from 1) The northern GBR, 2) central GBR and 3) southern 
GBR. B) Location of reef cores within each reef. 
Figure 2: SEM micrographs showing skeletal reef framework components, including marine and meteoric 
cements, used to screen samples for U-Th dating A) Near-pristine skeletal aragonite framework, B) 
Skeletal aragonite framework with minor dissolution, C) Bladed marine aragonite cement infilling cavity, 
D) Significant dissolution of skeletal framework, with thin rims of bladed aragonite cement infilling cavities 
E) Blocky  meteoric calcite cement and F) Detrital infilling of diagenetically altered skeletal framework. 
Figure 3: Evolution diagram showing activity ratios with 2 errors for individual U-Th measurements of 
subsamples from corals analysed in this study. Corals should plot on the evolution curves of seawater. 
Modern seawater is 147% and the other seawater evolution curves are shown for reference (150% and 
152%). Open-system isochrons for an initial seawater composition of 147% predicted by the Thompson et 
al. (2003) model are shown as well as the closed system isochrons. 
Figure 4: Photographs showing principal components of algal assemblages A) Algal Assemblage 1 
(Porolithon onkodes), B) Algal Assemblage 2 (Lithophyllum gr. prototypum) C) Algal Assemblage 1 (1) 
encrusting associated shallow water reef genera coryombose Acropora (2), D) Algal Assemblage 2 (1) 
encrusting associated  deep water Halimeda grainstone facies (2). 
Figure 5: Idealised reef profile, showing the relationship between modern biozonation, water depth and 
energy at One Tree Reef. Dominant coralgal assemblages were defined by the distribution and 
abundance of common coral, algal and associated biota within distinct depth intervals. 
Figure 6: Photographs showing principal components of coral assemblages A) Coral Assemblage A, (1) 
Isopora encrusted by (2) thick crust of associated  algal assemblage 1 (P.onkodes) ,  B) Coral 
Assemblage B, (1) Stylophora with (2) thick crust of associated  P.onkodes C) Coral Assemblage C,  (1) 
Montipora encrusted by (2) thick crust of associated P.onkodes, D) Coral Assemblage D,  (1) Goniopora 
encrusted by  (2) thick crust of associated algal assemblage 2 (L. prototypum), (2) E) Coral Assemblage 
E, Platygyra framestone and F) Coral assemblage F, Symphyllia framestone. 
Figure 7: Logging summaries and palaeowater depth interpretations of the spatial and temporal bio-
lithologic variation of LIG reefs across the GBR. 
Figure 8: A) Three phases of reef evolution identified in this study. B) U-series age elevation data for coral 
samples dated in this study, with dates plotted as inverse variance-weighted means of replicate 
measurements for each coral with 2 errors. Blue bar represents timing of proposed near-reef drowning 
event (reef growth stage 2). Accretion rates shown where applicable. C) Rates of relative sea level 
change (purple line) and proposed MWP-2B, with 95% confidence limits (magenta shaded envelope) 
adapted from Marino et al (2015). 
18
O benthic foraminifera data (pink line) obtained from sediment cores 
adjacent to the GBR and used to interpret warmer SST anomalies during the LIG at site RC12-113 
(Cortese et al., 2013). 
Figure 9: Idealised reef core and reef profile reconstruction, showing the different phases of LIG reef 
growth across the GBR, in relation to sea level, SST and oceanographic changes. 
Figure 10: Stratigraphic framework abundance and palaeodepositional interpretations of dominant coral 
and algal genera calculated from Holocene and Pleistocene cores, from the northern and southern GBR. 
(see methods for details).
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Table 1: Drilling summary of coring sites 
Region Reef (lat/long) Core ID 
Environment 
Drilled 
Holocene/ 
Pleistocene 
Boundary (mbsl) 
Core End  
Depth (m) 
Percent 
Pleistocene 
core  
Recovery 
Northern Ribbon Reef 5 
15°22’44.68”S; 
145°47’8.28”E 
RRB-5 Leeward 15.85 24.85 85% 
Central Myrmidon 
18°15’57.11”S; 
147°23’11.11”E 
MYR-3 Windward 24.1 28.2 81% 
Central Stanley 
19°17’49.20”S; 
148°4’33.60”E 
STN-1 Windward 15 23.21 55.5% 
Southern Heron  
23°26’53.00”S; 
152°55’5.30”E 
HRN Leeward 18.3 36.6 93% 
Southern One Tree 
23°30’27.48”S; 
152°5’29.68”E 
OTI-1 Windward 13.2 18.2 60% 
Southern One Tree OTI-5 Leeward 13.45 20 91% 
Southern One Tree OTI-6 Patch Reef 13.6 21.87 53.5% 
Southern Fitzroy 
23°37’11.64”S; 
152°9’18”43E 
FIT-2 Leeward 7.4 14.7 72% 
Southern Fitzroy FIT-3 Windward 10.2 13.4 98% 
Southern Fairfax 
23°51’29.79”S; 
152°22’31.12”E 
FFX-3 Windward 7.62 12.77 79.5% 
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Table 2: Summary of contextual information for new U-series ages in this study and previously published 
ages. 
Reef Sample 
Depth 
(mbsl) 
Genera Context* Source 
Fairfax FFX3-10D_1 12.07 Isopora IS This Study 
Fairfax FFX3-10D_2 12.07 Isopora IS This Study 
Fairfax FFX3-10D_3 12.07 Isopora IS This Study 
Fairfax FFX3-7C_1 8.05 Isopora IS This Study 
Fairfax FFX3-7C_2 8.05 Isopora IS This Study 
Fairfax FFX3-7C_3 8.05 Isopora IS This Study 
Fairfax FFX3-7D_1 8.3 Cyphastrea IS his Study 
Fairfax FFX3-7D_2 8.3 Cyphastrea IS This Study 
Fairfax FFX3-7D_3 8.3 Cyphastrea IS This Study 
Fairfax 79632955 8.5 Acropora NEI Marshall & Davies, 1983 
Fairfax 79632967 11.1 Acropora IS Marshall & Davies, 1983 
Fairfax FFX3-9E_1 11.2 Leptoria IS This Study 
Fairfax FFX3-9E_2 11.2 Leptoria IS This Study 
Fairfax FFX3-9E_3 11.2 Leptoria IS This Study 
Fitzroy FIT2-9H_3 8.25 Isopora IS This Study 
Fitzroy 79632734 8.7 Acropora NIS Marshall & Davies, 1983 
Fitzroy FIT2-10F_1 9.07 Acropora IS This Study 
Fitzroy FIT2-10F_2 9.07 Acropora IS This Study 
Fitzroy FIT2-10F_3 9.07 Acropora IS This Study 
Fitzroy FIT2-12G_1 11.68 Acropora IS This Study 
Fitzroy FIT2-12G_2 11.68 Acropora IS This Study 
Fitzroy FIT2-12G_3 11.68 Acropora IS This Study 
Fitzroy FIT2-9H_1 8.25 Isopora IS This Study 
Fitzroy FIT2-9H_2 8.25 Isopora IS This Study 
Fitzroy FIT-2-9H_3 9.25 Isopora IS This Study 
Fitzroy FIT3-16C_1 10.97 Platygyra IS This Study 
Fitzroy FIT3-16C_2 10.97 Platygyra IS This Study 
Fitzroy FIT3-16C_3 10.97 Platygyra IS This Study 
Fitzroy FIT3-17G_1 13.1 Isopora IS This Study 
Fitzroy FIT3-17G_2 13.1 Isopora IS This Study 
Fitzroy FIT3-17G_3 13.1 Isopora IS This Study 
Fitzroy 79632838 10.6 Acropora IS Marshall & Davies, 1983 
Fitzroy 79632865 11 Platygyra IS Marshall & Davies, 1983 
One Tree OTI5-11F_1 13.77 Acropora IS This Study 
One Tree OTI5-11F_2 13.77 Acropora IS This Study 
One Tree OTI5-11F_3 13.77 Acropora IS This Study 
One Tree 79632219 13.4 Acropora NIS Marshall & Davies, 1983 
One Tree 79636597 15 Acropora NEI Marshall & Davies, 1983 
One Tree OTI6-15C_1 18.78 Symphyllia IS This Study 
One Tree OTI6-15C_2 18.78 Symphyllia IS This Study 
One Tree OTI6-15 _3 18.78 Symphyllia IS This Study 
Stanley STN1-10D_1 15 Acropora NEI This Study 
Stanley STN1-10D_2 15 Acropora NEI This Study 
Stanley STN1-10D_3 15 Acropora NEI This Study 
Stanley STN1-11G_1 21 Isopora NIS This Study 
Stanley STN1-11G_2 21 Isopora NIS This Study 
Stanley STN1-11G_3 21 Isopora NIS This Study 
Ribbon Reef   16.1 Acropora IS Braithwaite et al, 2004 
*IS = In-situ 
NEI = Not enough information 
NIS = Not in-situ 
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Table 3: Previously published and new U-series measurements and ages. Interpreted ages are calculated by using an inverse variance-weighted 
mean for the individual sub samples of each coral. Interpreted closed-system ages are highlighted in bold; open-system model ages are in italic 
font (see text for modeling parameters). 
Sample 
Name 
% 
Calcite 
238
U 
(ppm) 
2
 
232
 Th 
(ppb) 
2
 
[
230
Th/ 
232
Th]
a
 
2
 
[
230
Th/
238
U
]
a
 
2 
[
234
U/ 
238
U]
a
 
2 
Age 
(ka) 
2  
234
Ui (‰) 2 
Interpreted 
Age (ka) ± 
2 
FFX3-
10D_1
*
 
0.8 3.0133 0.0022 0.15 0.004 47423 1393 0.7852 0.0024 1.1062 0.0012 130.80 0.81 153.6 1.7  
FFX3-
10D_2
 *
 
0.8 3.3781 0.0028 0.14 0.006 56907 2612 0.7782 0.0025 1.1042 0.0013 129.12 0.83 150 1.8  
FFX3-
10D_3
 *
 
0.8 3.2600 0.0016 0.12 0.003 63232 1534 0.7727 0.0019 1.1054 0.0011 127.16 0.62 150.9 1.4 128.7± 0.7 
FFX3-
7C_1
 *
 
1 3.8522 0.0028 1.96 0.016 4677 40 0.7837 0.0026 1.1131 0.0011 128.59 0.83 162.6 1.6  
FFX3-
7C_2
*
 
1 3.6083 0.0024 1.09 0.009 7970 67 0.7904 0.0023 1.1219 0.0009 128.51 0.73 175.1 1.3  
FFX3-
7C_3
*
 
1 3.5856 0.0013 1.32 0.006 6506 32 0.7874 0.0016 1.1149 0.0005 129.28 0.51 165.5 0.8 121.8 ± 0.6 
FFX3-
7D_1
 *
 
0.8 2.1807 0.0014 0.35 0.006 14860 243 0.7868 0.0020 1.1161 0.0013 128.81 0.68 167 1.7  
FFX3-
7D_2
 *
 
0.8 2.0152 0.0011 0.49 0.005 9786 93 0.7820 0.0019 1.1112 0.0014 128.56 0.68 159.8 1.8  
FFX3-
7D_3
 *
 
0.8 3.0208 0.0015 0.15 0.003 47812 1085 0.7673 0.0016 1.1031 0.0006 126.05 0.50 147.1 0.8 126.05± 0.8 
FFX-3-
9E_1
 *
 
6.4 2.5966 0.0011 1.42 0.004 4310 19 0.7750 0.0025 1.1071 0.0010 127.41 0.80 153.4 1.3  
FFX3-
9E_2
 *
 
6.4 2.6257 0.0013 0.79 0.010 7890 101 0.7813 0.0013 1.1059 0.0011 129.66 0.51 152.7 1.5  
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FFX3-
9E_3
 *
 
6.4 2.7137 0.0010 1.73 0.004 3661 10 0.7690 0.0013 1.1049 0.0008 126.16 0.45 149.7 1.1 127.6 ± 0.5 
79632955
#
 
0 2.78        1.14 0.03  1.00   107 ± 8.0 
79632967
#
 
0 4.03        1.08 0.01  0.90   127 ± 8.0 
FIT2-
10F_1
 *
 
1.5 3.5990 0.0027 0.10 0.005 89367 4223 0.8521 0.0027 1.1339 0.0013 145.00 0.71 201.7 1.8  
FIT2-
10F_2
 *
 
1.5 3.5670 0.0026 0.22 0.005 42671 939 0.8795 0.0024 1.1459 0.0007 150.97 1.20 223.4 1.1  
FIT2-
10F_3
 *
 
1.5 3.6775 0.0017 0.64 0.004 14976 102 0.8630 0.0019 1.1393 0.0009 147.25 1.70 211 1.2 
B
122.3 ± 0.8 
FIT-2-
12G_1
*
 
1.3 3.7322 0.0025 0.39 0.005 27774 376 0.9483 0.0022 1.1312 0.0010 185.30 0.71 221.3 1.5  
FIT-2-
12G_2
 *
 
1.3 3.5961 0.0021 1.98 0.008 5527 27 1.0039 0.0024 1.1313 0.0010 216.20 1.00 241.7 1.7  
FIT-2-
12G_3
 *
 
1.3 4.0660 0.0013 0.64 0.006 17147 166 0.8950 0.0015 1.1230 0.0009 164.97 0.87 195.9 1.2 
B
150.5 ± 0.9 
FIT-2-
9H_1
 *
 
1.5 3.6232 0.0019 0.19 0.005 46964 1212 0.7944 0.0032 1.1201 0.0011 130.00 0.68 173.5 1.5  
FIT-2-
9H_2
*
 
1.5 3.2768 0.0017 0.14 0.006 56647 2201 0.8174 0.0026 1.1232 0.0010 136.59 0.67 181.1 1.4  
FIT-2-
9H_3
 *
 
1.5 3.3340 0.0016 0.16 0.004 52271 1348 0.8107 0.0020 1.1197 0.0009 135.35 0.75 175.4 1.3 123.6 ± 0.8 
79632734
#
 
2 3.67        1.11 0.01  0.65   172 ± 12.0 
FIT-3-
16C_1
 *
 
1.1 2.3736 0.0009 0.12 0.004 46988 1425 0.7801 0.0020 1.1137 0.0012 127.34 0.54 162.9 1.6  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 MA
NU
SC
RIP
T
 
 
FIT-3-
16C_2
 *
 
1.1 2.4071 0.0011 0.15 0.004 37795 883 0.7898 0.0022 1.1148 0.0013 130.05 0.57 165.7 1.8  
FIT-3-
16C_3
 *
 
1.1 2.5123 0.0012 0.15 0.003 39784 708 0.7874 0.0020 1.1140 0.0007 129.51 0.59 164.4 1 123.0 ± 0.7 
FIT3-
17G_1
 *
 
0.7 3.2025 0.0012 0.17 0.006 44287 1447 0.7948 0.0016 1.1169 0.0008 131.08  169.2 1.1  
FIT3-
17G_2
 *
 
0.7 3.1924 0.0012 0.13 0.005 59975 2258 0.7888 0.0017 1.1107 0.0009 130.78  160 1.3  
FIT-3-
17G_3
 *
 
0.7 3.2778 0.0011 0.08 0.003 92541 3415 0.7849 0.0017 1.1125 0.0012 129.12 0.51 162 1.6 124.6 ± 0.6 
79632838
#
 
0 2.57        1.10 0.01  0.66   125 ± 6.0 
79632865
#
 
0 3.51        1.10 0.01  0.57   122 ± 6.0 
OTI-5-
11F_1
 *
 
3.2 3.5313 0.0018 0.62 0.008 13400 173 0.7737 0.0014 1.1129 0.0012 125.65 0.68 161 1.6  
OTI-5-
11F_2
 *
 
3.2 3.5113 0.0019 1.00 0.007 8350 58 0.7832 0.0020 1.1164 0.0010 127.67 0.67 165.7 1.4  
OTI-5-
11F_3
 *
 
3.2 3.4931 0.0015 0.29 0.003 28414 331 0.7807 0.0017 1.1158 0.0011 127.06 0.69 165.7 1.4 120.9 ± 0.6 
79636597
#
 
5 3.38        1.10 0.01      138 ± 11.0 
OTI-6-
15C_1
 *
 
0.8 2.1684 0.0010 0.15 0.004 36298 971 0.8189 0.0019 1.1198 0.0008 138.03   176.8 1.2  
OTI-6-
15C_2
 *
 
0.8 2.4763 0.0010 0.18 0.003 32804 608 0.8062 0.0019 1.1183 0.0009 134.28 0.81 172.9 1.3  
OTI-6-
15C_3
 *
 
0.8 2.8879 0.0019 0.11 0.005 64557 2679 0.8079 0.0020 1.1160 0.0009 135.46 0.7 170 1.2 126.3 ± 0.7 
79632219
#
 
0 3.82        1.15 0.01     145 ± 8.0 
STN-1-
10D_1
 *
 
5.3 3.5457 0.0018 12.10 0.032 734.5 2.7 0.8263 0.0021 1.1170 0.0013 141.26 0.7 174.4 1.8  
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STN-1-
10D_2
 *
 
5.3 3.5312 0.0021 7.38 0.016 1202.3 4.0 0.8285 0.0021 1.1193 0.0012 141.36 0.7 177.8 1.7  
STN-1-
10D_3
 *
 
5.3 4.4514 0.0016 10.93 0.011 1024 2 0.8287 0.0015 1.1156 0.0010 142.48 0.7 172.9 1.4 131.6 ± 0.7 
STN-1-
11G_1
 *
 
28.2 3.1889 0.0013 0.58 0.005 12839 124 0.7734 0.0026 1.1040 0.0010 127.69 0.6 149.2 1.4  
STN-1-
11G_2
 *
 
28.2 3.1703 0.0016 2.80 0.011 2685 13 0.7802 0.0024 1.1049 0.0013 129.58 0.6 151.2 1.8  
STN-1-
11G_3
 *
 
28.2 3.0961 0.0009 0.83 0.003 8765 31 0.7746 0.0013 1.1044 0.0009 127.97 0.6 149.8 1.2 128.2 ± 0.6 
Ribbon˜ 
Reef 5
 
 
               125.7 ± 0.6 
# Alpha Counting (Marshall and Davies, 1984) 
* MC-ICP-MS (new data) 
˜ Thermal ionization mass spectrometry (TIMS) (Braithwaite et al., 2004) 
a
 Square brackets denote activity ratios 
B
Dates which have been discarded for further analysis due to extreme 
234
Ui values
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Table 4: Summary of the key components and palaeoenvironmental interpretation of the main fossil 
coralgal assemblages observed in the six reefs. 
Coralgal Assemblage Key Components Palaeoenvironmental Interpretation 
Algal Assemblage 1  
(aA1-Porolithon) 
Thick crusts of Porolithon 
onkodes. With secondary P. 
gardineri, and Harveylithon gr. 
munitum, and minor Lithophyllum, 
Neogoniolithon and 
"Pneophyllum"  
Shallow water (<10 m), high energy 
environments, characteristic of upper reef 
slopes and outer reef flats 
 
   
Algal Assemblage 2  
(aA2-Lithophyllum) 
Lithophyllum spp with associated 
Mesophyllum, Peyssonnelia and 
minor Porolithon  
 
Deep tropical or shallow to deep 
temperate environments (6-30 m) 
Coral Assemblage A  
(cAA-Acropora/Isopora) 
Corymbose and robust branching 
Acropora and Isopora sp (A. gr 7; 
A. gr. 21; A. gr. 25; A. gr. 26; I. 
palifera) with associated 
branching Pocillopora and 
Stylophora sp. 
 
0-10 m (< 6 m with aA1 and vermetids), 
high energy, shallow water environments, 
characteristic of upper reef slopes and 
outer reef flats 
Coral Assemblage B 
(cAB-Isopora/Stylophora) 
 
Robust branching Isopora, 
Stylophora and corymbose A. gr. 
21 with associated A. gr. 7 and 
Pocillopora 
 
Shallow water (<3 m), high energy 
leeward reef flat margin 
Coral Assemblage C  
(cAC-Faviid/Montipora) 
Sub-massive Montipora and 
massive Faviids (e.g. Favites sp, 
Platygyra sp) with associated 
branching Porites sp 
 
Semi-exposed environment (0-30 m), 
characteristic of mid-upper reef slope or 
shallow back reef margin 
Coral Assemblage D  
(cAD-Millepora/Goniopora) 
Branching Millepora sp and 
massive Goniopora sp with 
associated Caulastrea and 
Galaxea sp 
Low energy environments (0-30 m) 
similar to Assemblage B but with 
increased turbidity such as lagoons or 
inner reef flats 
 
Coral Assemblage E 
(cAE-Symphyllia/Lobophyllia/Favia) 
Massive Symphyllia, Lobophyllia 
and Favia sp with associated 
Alveopora, and Turbinaria sp. 
 
Deep (3-30 m), turbid lagoonal 
environment  
Coral Assemblage F  
(cAF-Acropora/Platygyra) 
Corymbose branching Acropora 
and massive Platygyra sp with 
associated massive Porites.  
0-10 m, high energy, shallow water 
environments, characteristic of upper reef 
slopes and outer reef flats 
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Table 5: Fossil coral and coralline algae taxa Identified from across the seven reefs. 
Corals Coralline Algae 
Family ACROPORIDAE Family MUSSIDAE Family CORALLINACEAE 
Acropora sp  Symphyllia sp Porolithon onkodes 
Acropora  gr. 7 (A.robusta) Symphyllia recta P. gardineri 
Aethesolithon sp 
Acropora gr. 21 (A.humilis, A.gemmifera) Lobophyllia sp Hydrolithon boergesenii 
Acropora gr. 34 (A.nasuta)   Harveylithon gr. munitum 
Acropora gr. 26 (A.aspera) Family OCULINIDAE Lithoporella sp 
Neogoniolithon gr. fosliei 
Acropora gr. 27 (A.latistella) Galaxea fascicularis "Pneophyllum" conicum  
Isopora palifera  Spongites sp 
Montipora sp Family POCILLOPORIDAE Lithophyllum sp  
 Pocilliopora sp L. gr. acrocamptum  
Family AGARIIDAE Pocilliopora damicornis  L. gr. pustulatum  
Pavona sp Pocilliopora verrucosa L. gr.kotschyanum 
 Stylophora sp L. gr. prototypum 
Family FAVIIDAE Stylophora pistillata  
Caulastrea furcata  Family HAPALIDIACEAE 
Cyphastrea sp Family PORITIDAE Lithothamnion spp 
Cyphastrea seralia? Goniopora sp Mesophyllum sp 
Echinopora sp Porites sp  M. funafutiense 
Favites sp Porites australiensis?  
Favites abdita? Porites lutea? Other red algae 
Favites pentagona Alveopora verrilliana Peyssonnelia spp 
Leptoria sp   
Platygyra sinensis Family MILLEPORIDAE  
Platygyra lamellina Millepora exaesa  
Favia speciosa?   
Favia pallida Family DENDROPHYLLIIDAE  
Favia stelligera Turbinaria sp  
   
Family FUNGIIDAE   
Fungia sp   
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Table 6: Presence/absence of coral and algae species composition of Holocene and Pleistocene reefs 
from the northern and southern GBR.  
CORAL SPECIES HOLOCENE PLEISTOCENE    
Corymbose Acropora sp  X X Stylophora pistillata X X 
Acropora robusta  X Seriatopora sp  X 
Acropora humilis X X Stylocoeniella sp  X 
Acropora nasuta X X Goniopora sp X X 
Acropora aspera X X G.stutchburyi X  
Acropora latistella X X Porites sp  X X 
Isopora palifera X X Porites australiensis? X X 
Montipora sp X X Porites lutea? X X 
Pavona sp X X Alveopora verrilliana  X 
Leptoseris sp X  Millepora sp X X 
Cyphastrea sp X X Millepora exaesa  X 
Cyphastrea microphthalma X  Turbinaria sp  X 
Cyphastrea seralia? X X Hydrophora  microconos X  
Caulastrea furcata  X Tubipora musica
 
 X  
Echinopora sp  X ALGALSPECIES HOLOCENE PLEISTOCENE 
Echinopora  lamellosa X  Porolithon onkodes X X 
Favites sp X X Porolithon gardineri X X 
Favites abdita?  X Aethesolithon sp X X 
Favites Pentagona  X Hydrolithon boergesenii X X 
Favites chinensis X  Harveylithon gr. munitum 
 
 X 
Favites halicora X  Lithoporella sp X X 
Favites flexuosa X  Neogoniolithon gr. fosliei X X 
Leptoria sp X X "Pneophyllum" conicum X X 
Leptoria Phrygia X  Spongites sp X X 
Platygyra sinensis X X Lithophyllum sp X X 
Platygyra lamellina  X Lithophyllum gr. acrocamptum X X 
Favia speciosa?  X Lithophyllum gr. pustulatum X X 
Favia pallid X X Lithophyllum gr. kotschyanum X X 
Favia stelligera  X Lithophyllum gr.prototypum  X 
Favia matthaii
 
 X  Lithophyllum cuneatum X  
Favia laxa  X  Lithothamnion sp X X 
Fungia sp X X Lithothamnion prolifer X  
Symphyllia sp X X Lithothamnion gr. muelleri X  
Symphyllia recta  X Mesophyllum sp  X 
Lobophyllia sp X X Mesophyllum funafutiense  X 
Galaxea fascicularis  X Sporolithon molle X  
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Pocilliopora damicornis  X X Peyssonnelia spp  X 
Pocilliopora verrucosa X X    
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Highlights 
 We provide the first LIG mass spectrometry closed-system U/Th ages for the 
GBR 
 Period of significant LIG reef growth in the GBR was constrained from ~129-121 
ka 
 Three stages of reef development identified from coralgal compositional data 
 Near-drowning event identified from cores during the beginning of the LIG 
highstand 
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